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Abstract 

The electric power system has been well developed for many years, which can give a well power 

supply for the load demand nowadays. However, with the increasing of the load demand and the 

increased awareness of the environmental protection, the renewable energy sources are proposed as the 

most promising energy sources. The most commonly used renewable energy is seriously affected by the 

natural environment, such as solar and wind energy. Thus, today’s science and technology have sought 

a new solution, microgrid, which is a small-scale power and energy management system. In a microgrid, 

the multiply power sources, and multiply storages can be integrated, and the load demand can be 

managed by both the microgrid operator and the users. Thus, the physical components need to be 

reasonably controlled to well operate to satisfy users’ load demands and public grid’s requirements. 

Considering the user’s convenience and the physical components’ fast continuously regulation, the 

microgrid can be designed to a multi-layer supervisory system including physical layer, operational 

layer, economic dispatch layer, prediction layer, user layer and communication layer. In the 

communication layer, the microgrid can exchange information with the public grid. In addition, a power 

prediction model is also considered as the input information for the dispatching optimization in the 

microgrid. The microgrid can be built both with direct current (DC) bus and alternate current (AC) bus, 

and with different controllers or optimization theories. The DC microgrid has a higher efficiency than 

the AC microgrid because the photovoltaic sources and storage directly generate the DC power and most 

of the load demand can use DC power. Thus, this thesis focus on the research of the DC microgrid 

following two operation models: grid-connected mode, and off-grid mode including the islanded and 

isolated modes. In the previous research of our laboratory, the work focuses on the only the grid-

connected or the off-grid mode. However, the problem of grid failure in grid-connected mode and low 

power supply reliability in off-grid mode should be resolved. Thus, the aim of this thesis is to propose 

a DC microgrid combining the advantages of the grid-connected or the off-grid mode, which named full 

DC microgrid. In the full DC microgrid, the renewable energy sources, storage, and public grid are 

included, and the back-up sources also applied to reduce the load shedding. In the full DC microgrid, a 

supervisory system is proposed to manage the power. The real-time power management in the 

operational layer of the supervisory system can keep the power balance and the power is managed based 

on the rules made according to the energy cost or tariff of every component, and the real-time load 

demand optimization is to manage the appliances by the microgrid operator and the users. In the 

optimization layer of the supervisory system, the day-ahead optimization is proposed to achieve the 

global minimal operation cost. The supervisory system and the full DC microgrid also can operate for 

24 hours as the real case. The simulation results show that the full DC microgrid combines both 

advantages of the grid-connected and the off-grid mode to minimize the operating cost, the power in 

microgrid can be exchanged with the public grid, and the back-up sources is integrated to keep the load 



demand. Then, the supervisory system considers the dynamic efficiency of the converter to solve the 

problem that the power quality of the microgrid is degraded due to the unstable DC bus voltage caused 

by the inaccurate power control. The simulation results show that considering the dynamic efficiency of 

the converter in the operational layer of the supervisory system, the fluctuation of the DC bus voltage 

can be reduced. However, considering the dynamic efficiency of the converter in the optimization layer 

of the supervisory system, the operation cost is increased because of the problem formulation of day-

ahead optimization and the computation time of the formulated problem. Regarding the importance of 

the PV prediction for the day-ahead optimization, two prediction models are studied and compared to 

give a robust PV prediction power. The results are that the two models almost have the same results in 

the day-ahead optimization. 

To sum up, this thesis focuses on the DC microgrid power and energy management. The proposed 

supervisory system and the full DC microgrid can give good reference for real applications. 

In future work, a suitable problem formation to weigh the solution time of nonlinear optimization 

problems and the optimization effect of the system is suggested. Then, the simulation is applied to the 

experimental platform to check the actual difference between the experiment and the simulation, which 

will build a solid foundation for the future full DC microgrid construction. 

Keywords: DC microgrid; grid-connected mode; off-grid mode; energy management; power 

management; supervisory system; optimization; non-linear constraints. 
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0CEV  Threshold voltage of voltage drop between the collector and 

the emitter of the transistor (V) 

_DG RATEDV  Diesel generator rated output voltage (V) 

0FV  Threshold voltage of diode forward voltage drop (V) 
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t   Time interval between two samples 
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  Surface azimuth angle 

 s   Temperature coefficient of PV power 
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GLOBAL  Global efficiency (%) 
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Angle of incidence between the beam irradiance on the 
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 Air temperature prediction 
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 z  Local zenith angle 

_V BUS
 Root mean square of DC bus voltage 
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 ph
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  Solar hour angle 
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General introduction 

Electric power system has a long history since the first electrical appliances came. With the 

development of the electrical appliances, the power supply is getting big, robust and advance. An electric 

power system is integrated with power generation, power transmission, and power distribution. The 

power generation is now mainly separately into renewable and non-renewable energy. Although non-

renewable energy is the main power generation, the advantages of the renewable energy is more 

attractive for users, grid operator, grid builder and environment. As it is known to all, the scale of the 

electric power system provides inertia to be robust for the regulator and safety, and the uneven 

distribution of the regional energy can be solved. All the power generation and power transmission 

supply power for the electrical appliances. 

Nowadays, the installed power generation capacity growth rate of the renewable energy is greater 

than the ones of the non-renewable energy. The advantage of renewable energy is environmental-

friendly, such as photovoltaic (PV) panels and wind turbines. On the other hand, these renewable sources 

can be installed near the load demand to reduce the power loss in power transmission. Then, some 

project, such as intelligent home, intelligent official building, and intelligent city, can be driven by 

electric power system integrated with buildings and renewable energy. The distributed generator of the 

renewable energy greatly increases the penetration rate. Thus, distributed renewable energy generation 

is reducing the growth of non-renewable energy. Also, the cost decreasing of the PV panel is the one 

reason to increase the renewable power generation. However, the renewable energy is not easy to be 

used as the traditional power source, because the intermitted power generation is caused by the local 

weather condition. 

Microgrid is a concept to miniaturized grid with distributed energy sources, distributed storage, and 

intelligent power management including communication system. Furthermore, microgrid is known as 

the economical and creative way to upgrade from the tradition power grid to the smart grid because the 

multiply microgrid can be connected with power and information exchange. In a microgrid, the power 

management and control are the most important part to achieve the power balance, because the 

intermitted power generation of the renewable energy sources increases the complexity of the power 

management and control in the microgrid. Furthermore, the uncertain load demand is also a factor to 

challenge the reliability of the microgrid. In modern load demand management, the appliances in 

microgrid are designed to be controlled by both the user and microgrid operator, which give the 

possibility to achieve the intelligent load demand management.  

In a microgrid, there are many types of controller to be chosen. The reliable and fast controller with 

the acceptable overshoot of the current and voltage is pursued. The classic controller, proportional-

integral-derivative (PID) controller, is used as easy way to control power according to a reference value. 
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The droop controller is most used because it can be used without communication system in a microgrid. 

More advanced is model predictive controller, a process controller considering an optimization objective 

in a time horizon.  

The power management in a microgrid is the center part, which should consider the safety of 

electronic devices and the rational usage of power. In traditional power grid, the power management is 

regarded as the operation by the grid operator. Thus, the power regulation speed cannot be fast. In the 

modern power grid, the regulation is the combination of automatic regulation and manual regulation. In 

the future power grid, the power grid will be fully automatic regulation supported by management theory, 

the artificial intelligence will provide more possibility to achieve a better power management in future 

power grid.  

In a microgrid, the optimization technology is mostly used. For example, the optimization in power 

generation and load demand, the optimization in the overall operation cost, the optimization in 

environment, the optimization in power loss of a microgrid, etc. The optimization can be suitable for 

different microgrids. In alternating current (AC) microgrid, the optimization to reduce the operation cost 

should consider both reactive power and active power; in direct current (DC) microgrid, the reactive 

power is not considered. In the grid-connected operation model of a microgrid, the public grid power 

source should be considered; however, in the off-grid operation model, the public grid is not included. 

Thus, the optimization should be modified for the specified microgrid.  

The optimization technology is a specific type of mathematical problem. The basic characteristics 

of this type of problem are well-defined objective and constraints. From a mathematical point of view, 

optimization objective can be divided into single objective and multiple objectives and the mathematical 

optimization problems can be divided into convex optimization and non-convex optimization. And there 

are many methods to solve the proposed optimization, such as pure mathematical methods, various 

search algorithms, etc.  

The aim of this thesis is to build a power and energy management system, which is called 

supervisory system, for a full DC microgrid considering the grid-connected mode and off-grid mode, 

respecting to the power and time constraints to protect the power quality, the equipment safe and life, 

and to keep the communication with the public grid for regulation of shaving the peak and valley. In the 

DC microgrid supervisory system there are many problems need to be considered, for example, the PV 

intermitted power generation, the uncertain of the power prediction for the economic dispatching 

optimization, the physical characteristics of the physical components in the DC microgrid, the non-linear 

constraints in the power converters, etc. In order to better meet the load demand, a well-designed load 

demand optimization need to be integrated. The results are expected that the supervisory system can 

well manage the power flow in real-time and give a long-term energy schedule for well meeting load 

demand and increase the usage of the renewable energy to reduce the overall operating cost. 
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The thesis is organized in five chapters as shown in Figure 1. After the general introduction, in 

Chapter I firstly, the development of the electric power system is introduced to be as the background of 

the microgrid. Then, the economic dispatching optimization in microgrid is provided. Optimization 

problems and types of problems in microgrid are introduced. At last, the objective of the thesis is given. 

 

Figure 1. Thesis structure. 

In Chapter II, firstly, the DC microgrid modeling is given. Then, the advanced microgrid power 

management system, i.e. supervisory system, is introduced. In the designing process of the supervisory 

system, the tariff of every component is required. Thus, this chapter introduces the tariffs considered in 

microgrid. Thereafter, the economic dispatching optimization in the DC microgrid is proposed and the 

optimization problem is separately formulated for the grid-connected model, off-grid model, full 

microgrid model, and the full microgrid model in 24 hours, and the optimization algorithms are 

presented. Then, the power management strategy to achieve an instantaneous power balance considering 

a rule-based power flow rule is proposed according to the tariff of every component in the DC microgrid. 

At the same time, the power management strategy for grid-connected model, off-grid model, full 
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microgrid model, and the full microgrid model in 24 hours are respectively given. In chapter III, the 

simulation results are given to prove the effectiveness of the supervisory system. 

Based on the study of the supervisory system in Chapter II and III, Chapter IV proposed an 

optimization based on the non-linear constraints of the converter efficiency. The description of the 

converter modeling is given in the first part. Then, the power management strategy design is introduced. 

The optimization problem description and problem formulation considering the converter dynamic 

efficiency are proposed. At last, the simulation is designed to valid the proposed optimization problem. 

At the beginning of the chapter V, the PV power prediction model is introduced with its function in 

the microgrid supervisory system. The solar irradiation prediction is a key factor to calculate the PV 

power prediction. Thus, two solar irradiation prediction models are introduced, which are simple to 

calculate and free-access. Then, the two models are introduced into the supervisory system to valid the 

effectiveness and give a comparison. The simulation results show that the two models can provide 

effective solar irradiation prediction and almost have the same simulation results in the microgrid. 

General conclusions and perspectives of the research of this thesis are given in the end. 
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Chapter I. Research background and thesis 

objective 

I.1. Electric power system development 

In the 19th century, the first power system was operated to open the history of power supply. Since 

then, the electric power system has gone through a big development, which means a more mature and 

wider range of services. Now, the modern power system is very complicated to integrate power 

generators, power transmission, and power distribution with a power protection system to be more 

reliable to the inertia of a wide range connection. In addition, the number and the power consumption 

of electrical appliances are distributed increasing to demand more electric energy and the world 

sustainable development gives guidance to advocate renewable energy [1, 2]. However, the high 

permeability installed renewable energy will lead to instability of the public power system due to the 

intermitted power generation of renewable energy sources influenced by the local weather condition [3, 

4]. A smart grid based on a communication system, intelligent energy management, and multiple 

distributed renewable generators, will become more efficient and reliable than traditional public power 

grid systems [5, 6]. Hence, the smart grid represents a revolution of the whole power system. However, 

it is impossible and expensive to upgrade directly traditional power system to a smart grid. At this 

moment, microgrid, a small range intelligent power system flexibly integrated with multi-source [7, 8], 

multi-storage, and local demand-side management in multiple operational modes, becomes a good 

enough technology to gradually transit to smart grid [9, 10]. 

I.2. Economic dispatching optimization in microgrid 

A supervisory system for a microgrid is integrated with an information collection system, prediction 

system, optimization system, economic dispatch system, user application system, and communication 

system. The economic dispatch, based on the optimization system, is important in a power system to 

achieve the lowest microgrid operation cost with respect to other objectives of power dispatch such as 

the usage rate of renewable energy, the power quality, the power loss, etc. [11, 12]. 

Economic dispatching optimization is structured by a series of optimization problems based on 

operation research including deterministic and stochastic optimization [13, 14]. Most economic 

dispatching optimization is built into two layers: lower layer and upper layer [15, 16]. The lower layer 

concerns the power balance between demand and supply, reliable protection of microgrid with local 

controller-based mostly on proportional-integral (PI) control, droop control, and model predictive 
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control theory [17, 18]. The PI is a classical and simple control method. The droop control is commonly 

applied to a generator for primary frequency control. Model predictive controller, a process controller, 

can be used to achieve a determined control purpose in the local microgrid control with a system model 

and cost function. The upper layer concentrates on the microgrid economic dispatch problem, which can 

be formulated to a different type of problem such as linear problem, non-linear problem, mixed-integer 

linear problem, mixed-integer non-linear problem, Nash equilibrium problem, etc. The formulated 

problems of the upper layer are mostly based on multiple time scales, which need an accuracy and time-

save load and power prediction model. 

Under deterministic optimization, [19] proposes a novel optimization technique using a linear 

programming method to solve the optimal scheduling problem of distributed energy resources including 

battery energy storage systems. The proposed optimization technique has a dual objective function of 

economics and peak-shaving. A mixed-integer algorithm is used in [20, 21] to ensure energy cost 

reduction and reliability. Separately, in [20], the optimization focuses on the PV storage system, in [21], 

a flexible microgrid controller is designed and implemented through mixed-integer linear programming 

(MILP) optimization. 

Considering the renewable energy variability and forecast uncertainty, robust optimization is 

regarded as a proper method for the problem formulation by considering the worst case. In [22], the 

authors propose a strategy using a two-stage decision process combined with a receding horizon 

approach. The first-stage decision variables are determined using a cutting-plane algorithm to solve a 

robust unit commitment; the second stage solves the final dispatch commands using a three-phase 

optimal power flow. In [23], a novel two-stage min–max–min robust optimal dispatch model is 

presented, and the column-and-constraint generation algorithm is implemented to efficiently obtain a 

robust dispatching plan for the microgrid, which minimizes the daily operating cost in the worst-case 

scenario. The reference [24] also proposes to use a robust optimization-based formulation. However, 

robust optimization methodologies have an important drawback. By the very nature of the methodology, 

robust optimal solutions are highly conservative, aiming to hedge against all possible worst-case 

realizations of the uncertainty. In some cases, this can lead to solutions that are too conservative [25]. A 

robust optimization based on worst cases may sometimes over pessimistically emphasize the problems 

so that the feasible region is reduced and resulting in an ineffective solution [26]. 

Stochastic optimization is a method that generates and uses random variables. In [27] the authors 

proposed a multi-carrier generation scheduling scheme that is formulated as a scenario-based nonlinear 

and stochastic optimization model based on a rolling horizon strategy. It is a mixed-integer nonlinear 

programming problem, which can be implemented with the freely available YALMIP toolbox in the 

MATLAB software and solved using the BONMIN solver. In [28], a hybrid stochastic/robust 

optimization model is proposed to minimize the expected net cost, this formulation can be solved by 

MILP. 
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In the aspect of the optimization object of microgrid, the single-object and the multi-object 

optimization can be used according to the user’s needs. In [29], an alternative approach based on multi-

objective optimization is proposed in order to maximize the “collective benefits” of a group of players. 

As such, the problem is formulated as multi-objective optimization and solved using a modified 

approach based on goal programming to ensure the Pareto optimality of the overall solution. In [30], an 

optimization problem with multiple objectives including economics, power quality, and security 

requirements, is solved by the optimization algorithm of chaotic group search optimizer with multiple 

producers. 

Considering an AC/DC microgrid, the optimization problem is formulated based on different system 

models, and it is more complex to consider the reactive power in the AC microgrid. In [31] an economic 

dispatch problem for total operation cost minimization in DC microgrids is formulated. The optimization 

problem is solved in a heuristic method. The reference [32] proposes a multi-level energy management 

system for DC microgrids operations to ensure system reliability, power quality, speed of response, and 

control accuracy. In [33], a two-stage framework is introduced for active power real-time dispatch in 

islanded AC microgrids. In [34, 35], an optimization problem is formulated for an AC/DC hybrid 

microgrid economic dispatch. 

In the aspect of the period of optimization, a multi-time scale can be used in the economics 

optimization of microgrid; it includes real-time, short-time, and long-time period. Due to the low-inertia 

nature of islanded AC microgrid, reliable control for active power real-time dispatch becomes a key 

issue for system operation [33]. Real-time pricing (RTP) is one of the new forms of agreement between 

the customers and the supplier, which allows real-time demand response [31]. The objective of [31] is 

to minimize the total operating cost in one optimization cycle in the context of RTP. In [36], a two-time-

scale stochastic optimization dispatch schedule for PV based microgrid using demand-side management 

programs is proposed with day-ahead scheduling and real-time scheduling. In [26], the authors propose 

a bi-layer multi-time coordination method with the days-ahead schedule layer and the real-time dispatch 

layer. In the days ahead schedule layer, generating units are committed and relaxed bidirectional reserve 

boundaries are predicted for the next day [26]. In the real-time dispatch layer, generation output is 

dynamically adjusted and the reserve is dispatched using a successive approximation based on real-time 

data [26]. A multiple time-scale optimization scheduling including day-ahead and short-time for an 

islanded microgrid is studied in [37]. The day-ahead generation scheduling takes into account the 

minimum operational cost and the maximum load satisfaction as objective function [37]. Short-term 

optimal dispatch is based on minimizing the adjustment of day-ahead scheduling and giving priority to 

the use of renewable energy [37]. 

Considering the primary dynamic controller performance, the dynamic economic dispatch is an ideal 

method to improve controller performance. The reference [38] proposes a novel distributed approach to 

solve a new dynamic economic dispatch problem in which environmental cost function and ramp rate 

constraints are taken into consideration in an islanded microgrid. Then, a novel fully distributed 
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algorithm is proposed to address the dynamic economic dispatch problem based on the alternating 

direction method of multipliers and distributed consensus theory of the multi-agent system. In [39], the 

economic dispatch problem employs a dynamic performance controller based on PID control for 

improved performance by using an augmented Lagrange-based approach.  

Considering the multi-microgrid and single microgrid, the economic dispatch method will be 

different. Single microgrid only considers single microgrid economics dispatch optimization. The 

microgrid economics dispatch optimization of multi-microgrid is more complex and useful than that of 

a single microgrid. In [40], a comprehensive real-time interactive energy management system 

framework for the utility and multiple electrically coupled microgrids. The introduced distributed 

economic dispatch strategy used in [40] can be easily configured in systems with multiple microgrids 

interconnection having different owners. In [29], the authors propose a methodology based on multi-

objective optimization for optimal pricing and dispatch of energy resources in a multi-microgrid 

environment. The reference [41] proposes an operation model for multi-microgrid within the distribution 

system to achieve a higher operation economy. Motivated by the cooperative game theory, a number of 

individual microgrids are treated as one grand coalition and are scheduled via a centralized economic 

dispatch approach with the aim of minimizing global cost. 

Regarding the aspects of centralized and decentralized economic dispatch, conventionally economic 

dispatch of all distributed generators is solved by centralized control with optimization algorithms or 

distributed control with consensus algorithms [42-44]. To improve the reliability, scalability, and 

economy of microgrid, a fully decentralized economic power-sharing strategy is proposed in [42]. In 

[45], the challenge to apply the consensus-based method is to meet the power balance constraint without 

the centralized facility, since the value of power mismatch is hard to be obtained for a distributed control 

system. To solve the problem, [45] proposes the method to combine the frequency control methods with 

the consensus protocol from graph theory to develop the distributed economics dispatch control method. 

Decentralized economic operation schemes have several advantages when compared with the traditional 

centralized management system for microgrids [46]. Specifically, decentralized schemes are more 

flexible, less computationally intensive, and easier to implement without relying on communication 

infrastructure [46]. 

More theories from other disciplines, such as economics, mathematics, industrial, are used in 

economics dispatch of a microgrid. 

In [24], the authors present a problem of generation scheduling of self-generation power plant in 

energy-intensive industries microgrid with wind power, which uses a robust optimization-based 

formulation to obtain the feasible range and then decouples a multiperiod scheduling problem the based 

on feasible range into a series of single period economic dispatch problems. In [35], a two-layer control 

scheme is proposed for maintaining the frequency and the optimal economic operation of hybrid AC/DC 

microgrids, in which the implementation of the lower layer control presents an iterative solution for the 
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decentralized dispatch in real-time; the operations of AC and DC sections at the upper layer are 

coordinated by regulating the interlinking converters power exchange. In [47] an enhanced multi-period 

dispatch model for microgrids is described, in which frequency-aware islanding constraints are 

established to ensure microgrids with the capability to ride through unplanned islanding events and a 

two-stage solution strategy is proposed to remove the nonlinearity. In [48], the authors present a 

hierarchical distributed model predictive control regarding the large-scale, geographically dispersed, for 

standalone wind/solar/battery power generation system. The upper layer utilizes an iterative distributed 

control strategy to realize the coordination of the power dispatch. The lower layer utilizes the 

supervisory predictive control to realize both the economic and property to track the controller reference. 

In [49] an economic dispatch scheme is formulated using a predictive optimization policy called 

receding horizon control. The proposed power dispatch framework is able to incorporate multi-step 

ahead forecasts of wind power and energy price, and an innovative intelligent forecast model is 

presented using the radial-basis functional network. The article [50] investigates the economic dispatch 

problem of microgrids in a distributed fashion. To address this issue, a delay-free-based distributed 

algorithm is presented to optimally assign the whole energy demand among local generation units with 

the objective of minimizing the agminated operation cost. In [51], a data-driven energy management 

solution based on a Bayesian optimization algorithm for a single grid-connected home microgrid is 

presented. The proposed solution formulates the optimization problem without a closed-form objective 

function expression and solves it using the Bayesian optimization algorithm-based data-driven 

framework. The article [45] introduces a new consensus-based control scheme for distributed power 

systems to solve the distributed economic dispatch problem. In [45], PI frequency controller and neural 

network frequency controller with the consensus protocol from graph theory are employed to develop 

the distributed economic dispatch control method. Consensus-based methods can be used to reach an 

agreement on the incremental costs in a large distributed system, which is a lack of control center. 

The two main problems in the microgrid economic dispatching optimization are how to build the 

electricity tariff modeling and how to give economic dispatching optimization when the microgrid is 

operating. To give the electricity tariff of every component needs to consider many factors, such as 

geographic location, equipment cost, local government policy, etc. To achieve an economic dispatching 

optimization when the microgrid is operating needs the proper problem formulation by using proper 

optimization theory. 

The day-ahead optimization, short-time optimization, robust optimization, stochastic optimization, 

and Markov decision processes belong to offline optimization where complete information is assumed. 

On the opposite, online optimization is a field of optimization theory that deals with optimization 

problems having no or incomplete knowledge of the future. The reference [52] presents a distributed 

algorithm for online energy management in networked microgrids with a high penetration of distributed 

energy resources. The online algorithm provides a less conservative schedule than the robust 

optimization-based approach. 
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In order to compromise the computation complexity and the accuracy of the optimization problem, 

the problem formulation is important to be simplified, such as to transfer non-linear constraints to linear 

constraints, to use smoothing or approximated function. 

I.3. Objective of the thesis 

Decentralized generation grows significantly, and grid-connected system is proposed in most 

applications. However, the intermittent and unpredictable nature of renewable energy sources, such as 

wind turbine and PV sources, remains an issue for their integration into the public grid resulting in, 

fluctuations of voltage and/or frequency, harmonic pollution, difficult load management. Urban areas 

have great potential for intensive development of these renewable energy sources. To increase their 

integration level and obtain a robust power grid, the smart grid could solve problems of peak 

consumption, optimal energy, demand response, and dynamic tariffs. The smart grid is being designed 

primarily to exchange information on grid needs and availability, and to help balancing powers via 

avoiding undesirable injection and performing peak shaving. Concerning ancillary services (grid 

technical regulations), for better decentralization of production, microgrids play an important role. A 

microgrid, seen as an off-grid / grid-connected system, includes a multi-source system consisting of 

renewable and traditional energy sources, storage systems, and adjustable loads. A controller is used to 

interact with the smart grid; it provides voltage control, power balancing, load shedding, and takes into 

account the constraints of the public grid provided by smart grid communication. At an urban scale, the 

building-integrated DC microgrid (Figure 2) provides a solution for the self-supply of buildings and 

controlled grid interaction.  

 

Figure 2. DC Microgrid [53]. 

The objective of this research is to design and develop an intelligent energy management system 

that optimizes power transfer in microgrid, adapts to conditions imposed by the public grid through the 

smart grid bus communication, and takes into account the various constraints in order to minimize the 
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energy consumption from the public grid and to make full use of local production. The main application 

is represented by commercial and office buildings.  

The controller is designed as five subsystems structure: forecast, communication, economic dispatch, 

demand-side management, and operational. It is able to exchange data with the smart grid, takes into 

account forecast of power production and load consumption, storage capability, grid power limitations, 

dynamic grid tariffs, dynamic efficiency of converters, to optimize the load shedding, and handles 

instantaneous power balancing based on optimized powers flow. This interface between the smart grid 

and the proposed microgrid offers strategies that ensure, at the same time, local power balancing, local 

power flow optimization, and response to grid issues such as peak shaving and avoiding undesired 

injections. 

The microgrid components consists of a set of PV panels, a battery storage (BS) system, a diesel 

generator (DG), a suit of supercapacitors (SC), a connection with public grid, a local building as the DC 

load.  

The research, through this thesis, aims to study, design and develop intelligent control strategies 

using a predictive control approach which optimizes efficiently operation while satisfying constraints. 

Based on forecast data, dynamic efficiency of converters, and using non-linear optimization, predictive 

power flow is obtained off-line and on-line, which leads to a predictive control parameter for real-time 

power balancing. This predictive control parameter is the interface between the economic dispatch 

subsystem and the operational subsystem. 

The operational subsystem handles instantaneous power balancing in the power system by applying 

the predictive control parameter and load shedding optimization and ensures self-correcting capability.  

Both grid-connected and off-grid operating modes will be explored. In grid-connected mode, the 

microgrid controller should respond to grid issues such as peak shaving and avoiding undesired 

injections. During off-grid mode, the microgrid controller should be able to minimize diesel generator 

fuel. 

The main scientific issue is the difficulty of day-ahead optimization due to the risk of mismatch 

between predictions and real-time operating conditions, on the one hand, and the need to take into 

account the constraints imposed by the public grid, on the other hand.  

The first step is to study a centralized multi-layer supervisory system to achieve optimal power 

management in DC microgrid, which achieves the self-consumption for the building's electrical 

applications to reach the maximal usage rate of renewable energy while respecting the public grid 

constraints. The multiply operation modes are integrated. The constraints of PV sources, the public grid, 

the BS, the DG, and the SC are also considered, meanwhile, a real-time load optimization method is 

applied. 
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The second step is to study the non-linear optimization required for the consideration of the dynamic 

efficiency of static power converters in the power balancing equation. 

Therefore, the research work goal is to implement the constraints of the power balancing equation, 

implying the dynamic efficiency of static power converters [54], firstly in the economic dispatching 

subsystem and secondly in the real-time control. This work is realized for grid-connected microgrid and 

separately for off-grid microgrid. 

The third step focus on PV prediction model, which determines the accuracy of the day-ahead 

optimization, which influences the real-time power controlling. Thus, the PV prediction is important in 

the power management. However, the problem is that it is very difficult to get an accurate PV prediction 

model on day-ahead because of the intermitted PV generated power influenced by the uncertainty of the 

local weather. The aim of the third step is to find or propose an accurate enough PV prediction mode, 

which can be used in local computer with limited solving time. 

I.4. Conclusion 

This thesis briefly descripts the electric power system development. Then, the economic dispatching 

optimization in microgrid is introduced including the optimization studies for different topology 

microgrid, for multiple time scales, etc. Furthermore, the thesis objective is detailly given, and the main 

steps of the thesis are provided. 

This thesis focus on the power control strategy and optimization of the local DC microgrid in grid-

connected and off-grid operation models. The constraints of the DC microgrid and the characteristics of 

the components need to be concluded. The power quality should be maintained, and several objectives, 

such as minimize costs and maximize utilization of the renewable energy source, minimize the power 

loss in the local DC microgrid, need to be considered. However, there are many problems to be 

considered, such as the natural severe varies of the renewable energy sources, the non-linear of the 

components and power converters in the DC microgrid. 
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Chapter II. DC microgrid with multiply operation 

modes 

The microgrid is an advanced electric power system that integrates multi-source and storage to give 

a better service for different load demand [55, 56]. However, it is complex to give an appropriate power 

management considering the natural characteristics of every component in the microgrid, such as the 

natural rapid and dramatic varies of the PV generated power, the low dynamic of the DG while its start-

up, etc. [57, 58]. Compared with AC power grid, DC power grid can reduce control complexity without 

frequency adjustment while improving system efficiency because the PV generated power and most of 

storage and load are DC native, which motivates the studies of the DC microgrid [59-61]. 

In the previous research of our laboratory, the DC microgrid is designed to separate into two 

operation mode: grid-connected and off-grid mode. The grid-connected operation mode is based on the 

real case without considering the back-up source; the isolated operation mode which belongs to off-grid 

operation mode is built according to the independent microgrid without connection with the public grid; 

thus, it is more suitable for remote village or remote island [62, 63]. In fact, a full DC microgrid design 

should consider the grid-connected and off-grid mode at the same time; the public grid is used to 

exchange power with the DC microgrid to reduce the operation cost of the DC microgrid and the smart 

grid, and the long-term support back-up sources are also considered to prevent the critical load shedding 

when the public grid failure happens [64]. 

In this chapter, two DC microgrids are built to separately operate in grid-connected and off-grid 

operation modes, and then a DC microgrid is built considering the advantages of the grid-connected and 

off-grid operation modes, named full microgrid operation mode. The microgrid supervisory system [65, 

66] is proposed for the grid-connected, off-grid, and the full microgrid operation modes. The real-time 

power management strategy is regarded to be achieve real-time power balance and the power priority 

rule is used according to the tariff of every component; and the day-ahead optimization is also considered 

to make power system can achieve pre-schedule and to reduce the total operational cost. In this chapter 

three microgrids are built and compared separately in the grid-connected, off-grid, and the full microgrid 

operation modes. The DC microgrid modeling is given in the Section II.1. The microgrid supervisory 

system is described in section II.2. In Section II.3, the tariff methods are introduced. In II.4., the day-

ahead optimization for economic dispatching is separately proposed for the three microgrid operation 

modes, and the optimization algorithm is chosen. In Section II.5, the power management strategy is 

introduced to support the three operation modes. The conclusions of this chapter are given in Section 

II.6. 
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II.1. DC microgrid modeling 

The physical components of a DC microgrid are shown in Figure 3. It consists of PV sources, a BS 

system, a public grid single-phase connection, a DG, an SC, and a DC load. All parts are connected to 

the common DC bus of the microgrid by a seven-leg power converter (B1, B2, …, B7) and a set of 

inductors and capacitors to ensure compatibility among the components. B1 is the leg connecting the PV 

with the DC bus, B2 is the converter connecting the BS with the DC bus, B3 and B4 are the legs 

connecting the public grid with the DC bus, B5 and B6 are the legs connecting the DG with the DC bus, 

B7 is the leg connecting the SC with the DC bus. The DC load directly connects to the DC bus. 

 

Figure 3. DC microgrid electrical scheme [53]. 

The PV sources consist of several PV panels, the PV generated power directly supplies the DC load 

through the DC bus for the maximal usage rate of renewable energy. If the PV generated power cannot 

support the DC load, the BS and the public grid would supply the DC load; if the PV, BS, and the public 

grid cannot provide enough power to the DC load, the non-critical load would be shed; if the critical 

load need to be shed, the DG would start as the back-up source; if the DC load still cannot be supported 

by the microgrid, the excessive load would be shed. If there is too much PV generated power to support 

the DC load, the BS and the public grid would absorb the rest of the PV generated power; if the BS and 
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the public grid would absorb cannot absorb the rest power, the PV can be shed to keep the power balance 

in the DC microgrid. 

II.1.1. Microgrid system 

For keeping the power balance and common DC bus voltage stable, a PI controller is introduced to 

calculate the power to be compensated by the public grid and BS. The power balance expressed by the 

equations (2. 1), (2. 2), and(2. 3) are introduced to keep the common DC bus voltage DCv  at the reference 

voltage noted by *

DCv :  

 = − −PV L PIp p p p   (2. 1) 

 
* *= ( ) ( )− + −PI P DC DC I DC DCp K v v K v v   (2. 2) 

 = + − +BS G DG SCp p p p p   (2. 3) 

where PVp  is the power of PV sources, Lp  is the DC load power, PK  and IK  are the PI controller 

coefficients, p  is the compensation power by the public grid, BS, DG, and SC, Gp  is the public grid 

power, which represents the power injection when Gp  is positive and power supply when Gp  is 

negative; BSp  is the storage power that represents BS charging when BSp  is positive and BS discharging 

when BSp  is negative; DGp  is the DG supply power which is only 0 or positive; and SCp  is the SC power 

that represents SC charging when SCp  is positive and SC discharging when SCp  is negative. 

II.1.2. PV sources 

The PV model comes from [67], where a mathematical modelling of PV is introduced. To obtain 

the most economic benefits, the PV should be driven by a maximum power point tracking (MPPT) 

method [68]. 

To reach the maximum power point (MPP), searching algorithms are required, and the most used 

are perturb and observe (P&O) algorithm and incremental conductance (InC) algorithm. When the PV 

power is greater than the microgrid consumption, the system will be not stable, and the devices will be 

broken if out of their tolerations. Thus, a limit controller is proposed in [68], whose goal is to operate 

PV shedding, in case the PV power generation is over the consumption of the microgrid. 

 
_ _= −PV PV MPPT PV Sp p p   (2. 4) 

where 
_PV MPPTp  is the MPPT power of PV at the standard test conditions (STC), 

_PV Sp  is the shedding 

power of PV. 
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II.1.3. Public grid connection 

The public grid is a large-scale and complex electric power system. In a microgrid, it is seen as a 

source that can supply and absorb power. The public grid power equipment must be protected from the 

overload by giving the power limitations for injection and supply as in the equation (2. 5):  

 
_ _( )−  G MAX G G MAXP p t P   (2. 5) 

where Gp  is the public grid power, which represents the power injection when Gp  is positive and power 

supply when Gp  is negative. The public grid power injection is limited by 
_G MAXP . The public grid 

power supply is limited by 
_− G MAXP . Therefore, when the public grid power injection and grid power 

supply are limited, it is required to operate the load shedding or PV shedding when the public grid 

reaches its limitations. 

II.1.4. Battery storage system 

The BS can supply and absorb power to keep the microgrid power balance. Owing to low cost and 

high recycling rate, lead-acid battery is the most used in a small power microgrid; however, although 

more expensive but more efficient, lithium-ion is also a worldwide used battery technology. To avoid 

overcharging and over-discharging, it is necessary to limit its state of charge BSsoc . The BSsoc  is 

calculated according to the equation (2. 6), where 
_BS REFC  is the battery capacity, BSv  is the BS voltage, 

and BSsoc is limited between two limits, 
_BS MINSOC  and 

_BS MAXSOC , as in the equation (2. 7). The 

power BSp  is the BS power that represents BS charging when BSp  is positive and BS discharging when 

BSp  is negative. The BS charging and discharging powers are limited by 
_BS MAXP  and 

_− BS MAXP  

respectively, as in the equation (2. 8). 

 
_

100%
( ) ( ) ( )

3600

+

+  = + 
t t

BS BS BS
t

BS REF BS

soc t t soc t p t dt
C v

  (2. 6) 

 
_ _( ) BS MIN BS BS MAXSOC soc t SOC   (2. 7) 

 
_ _( )−  BS MAX BS BS MAXP p t P   (2. 8) 

II.1.5. Diesel generator and supercapacitor 

The DG is a backup source that can provide long-term support for microgrid. However, the DG start-

up stage presents a slow dynamic behavior. Therefore, during the period of the DG starting up, an SC is 

suggested to compensate for the power balance because of its fast response and high-power density [58]. 

There are two operation modes of the DG to be considered, duty cycle mode and load following. At the 
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duty cycle mode, the DG is turn on in the constant period to provide its maximal power to supply the 

load demand and to charge the BS; at the load-following mode, the DG is turned on to only supply the 

load demand. In fact, the DG operates at a lower power of the load following mode than the power of 

the duty cycle mode in the daytime of the weekday, it is meaning that the DG has a low efficiency at 

load-following mode. So, the duty cycle mode is better than the load following mode because the DG 

only works when it can output a high power and the BS is regarded as the power storage can be recharged 

by the DG to reduce the operation time of the DG. Thus, it is assumed the DG works at duty cycle mode 

as in [69], where the duty cycle mode is proved to be better than a load-following mode, and one-hour 

is proposed as a good trade-off between fuel consumption and start-up frequency.  

When the DG is turned off, the DG power DGp  is 0. When the DG is turned on, the DG power DGp  

is limited by maximal DG supply power 
_DG MAXP  as given in the equation (2. 9), which is chosen as the 

same level of the PV power and the load demand power. Due to the slow dynamic behavior of the DG 

start-up stage, the DG cannot support the microgrid until it satisfies the conditions expressed by the 

equation (2. 10), which also can prevent the converter from being broken by the peak power of the DG 

start-up stage. During the period between DG start-up and DG stable state given by the equation (2. 10), 

the SC compensates the microgrid to keep its power balance. In the duty cycle mode, the time constraints 

when the DG is turned on is shown in the equation (2. 11), the time constraints when the DG is turned 

off is provided in the equation (2. 12). 

 
_0 ( ) DG DG MAXp t P   (2. 9) 

 
310 340

48 52

 


 

DG

DG

V v V

Hz f Hz
  (2. 10) 

 
_ _ _DG ON DG ON MAXt T   (2. 11) 

 
_ _ _DG OFF DG OFF LIMt T   (2. 12) 

where the DGv  is the DG voltage, DGf  is DG voltage frequency in the equation (2. 10), 
_DG ONt  is the DG 

on time, 
_DG OFFt  is the DG off time, 

_ _DG ON MAXT  is the time constraints when the DG is turned on, 

_ _DG OFF LIMT  is the time constraints when the DG is turned off. 

The SC power SCp  is limited to its maximal SC charging power 
_SC MAXP  and maximal SC 

discharging power 
_− SC MAXP  as in the equation (2. 13). The energy of SC SCE is calculated according to 

SC capacitance SCC  and SC voltage SCv  as expressed by the equation (2. 14). The ( )SCE t  and 
_SC RatedE  

provide the ( )SCsoc t , which can be simplified as in the equation (2. 15). 

 
_ _( )−  SC MAX SC SC MAXP p t P   (2. 13) 
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As to the SC model given in [58], the SC is natural self-discharging. It should be recharged at a 

certain time to keep its lowest energy for DG start-up compensation and it is also necessary to define 

the SC recharge period. So, SCsoc  limitations are provided: 
_ _SC MIN MINSOC , 

_ _SC MIN MAXSOC , 

_ _SC MAX MINSOC , and 
_ _SC MAX MAXSOC . When PV power is enough for load demand power, the 

recharging start-time and recharging end-time are respectively the time when SCsoc  reaches 

_ _SC MAX MINSOC  and 
_ _SC MAX MAXSOC . The SCsoc  minimal limitation for the SC is 

_ _SC MIN MINSOC  and 

the SCsoc  minimal limitation for DG start-up compensation is 
__ _SC MIN MAXSOC . When PV power is 

insufficient for load demand power, the recharging start-time is the time when SCsoc  reaches 

_ _SC MIN MAXSOC  which can keep the SC energy supporting the DG start-up. 

II.1.6. DC load 

The DC load, whose power changes according to the demand of buildings, is electrical appliances 

of buildings. Therefore, in order to operate the demand side management, i.e. to allow a load shedding 

optimization, it is necessary to assign the priority of each electrical appliance, to define the time duration 

of load shedding, to define the power based on the real electrical appliances and critical loads. The 

purpose is to define the load power closing to the real load power by applying a load shedding real-time 

optimization [70], which is formulated to the load optimization problem based on the knapsack problem 

and solved by MILP with IBM CPLEX [71]. The load power Lp  and the load shedding power 
_L Sp  

are given respectively by the equations (2. 16) and (2. 17), where 
_L OPTp  is the load power after the load 

real-time optimization, AVAILp  is the total available DC microgrid power, and 
_L Dp  is the load demand 

power.  

 
_ _

_ _

    

    


= 



L OPT AVAIL L D

L

L D AVAIL L D

p if p p
p

p if p p
  (2. 16) 

 
_ _= −L S L D Lp p p   (2. 17) 

The coefficient 
_L CRITk  represents the percentage rate defined by the end-user as the minimum 

amount of load demand that must be attended; it is defined by the critical load 
_L CRITp  and the equation 
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(2. 18) where 
_L CRITp  is the minimum power of load demand that must be always attended; 

_L Dp  equals 

to the sum of 
_L CRITp  and 

_ _L N CRITp  provided in the equation (2. 19) where the non-critical load 

_ _L N CRITp  is the maximum power of load demand that can be shed. 

 
_ _ _ _,  [0%,100%]= L CRIT L CRIT L D L CRITk p p k   (2. 18) 

 
_ _ _ _= +L D L CRIT L N CRITp p p   (2. 19) 

II.2. Microgrid supervisory overview 

The proposed multi-layer supervisory structure can integrate different layers that operate in different 

scale time. The purpose of the microgrid supervisory is to interact with the smart grid and the end-user 

and to be able to receive metadata from external sources, meanwhile, to keep the instantaneous power 

balance in the microgrid. The multi-layer supervisory structure is based on several previous works of 

the AVENUES laboratory, depicted in detail in [72-76]. 

Figure 4 and Figure 5 present the concept of the multi-layer supervisory system. In the measurement 

block, the instant state of charge of BS BSsoc  and of SC SCsoc  are respectively estimated by using the 

equations (2. 6) and (2. 15) with the instant measurement data BSp  and SCv . 

 

Figure 4. Microgrid multi-layer supervisory concept. 
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Figure 5. The detail of the microgrid multi-layer supervisory concept. 

The parameters block includes the group of parameters related to the microgrid and their physical 

limitations. The metadata block receives the forecast data. The smart grid messages block represents the 

communication with the public grid, exchanging information about the maximum power that can be sent 

towards the public grid and the maximum power that can be used from the public grid to supply the 

microgrid system 
_G MAXP . 

The human-machine interface is responsible for the interaction with the end-user, allowing the end-

user to personalize the microgrid environment to suit individual needs. 

The prediction layer is responsible for the interpretation of the metadata; it comprises the calculation 

of the PV power and load power predictions. The load power prediction 
_L PREp  is generally calculated 

by the operator of the public grid. In this research, the 
_PV PREp  is calculated based on the PREg  and 

_AIR PRE
 prediction by using the method given in [68], where the PV panel temperature prediction 

_PV PRE
 is estimated by the equation (2. 20), the 

_PV PREp  is calculated according to the equation (2. 21). 

 
_

_ _


 

−
= +

AIR TEST

PV PRE AIR PRE PRE

TEST

NOCT
g

G
  (2. 20) 

 _ _ _ _[1 ( 25)]
1000

 = + + −PRE
PV PRE PV MPPT STC s PV PRE PV

g
P P N   (2. 21) 

where nominal operating cell temperature ( NOCT ) is PV cells temperature at standard test condition, 

_AIR TEST
 is the air temperature at standard test condition, TESTG  is the solar irradiation at standard test 

condition, PVN  is the number of the PV panel,  s  is the temperature coefficient of PV power.  
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The economic dispatch layer optimizes the usage of the renewable sources, storage and the power 

exchanged with the public grid and the DG usage in multiple operation modes. The main goal of this 

economic dispatch layer is to reduce the global energy cost, taking into account the information 

exchanged with the prediction layer, the information received through the smart grid message, the 

settings defined by the end-user and the system parameters to perform the optimization.  

Working in the grid-connected mode, the economic dispatch layer aims to minimize the energy cost 

by following the optimized trend of usage of the BS and public grid. This optimal control vector noted 

Dk  is calculated based on the optimal BS and public grid power evolutions. 

Working in the off-grid mode, the economic dispatch layer aims to minimize the energy cost by 

following the optimized usage of the BS and the DG. The optimization respecting the constraints 

imposed by the off-grid mode, the resulting power flow obtained based on the optimal BS and DG power 

evolutions, is used to calculate the distribution coefficient DGk  showing when DG has to operate. 

Therefore, the off-grid optimal control vector noted DGk  is responsible for defining the trade-off between 

BS power and DG power during the running of the operational layer. 

When the microgrid works in the full microgrid mode, both coefficients, Dk  and DGk , are calculated 

in the optimization layer to give a trend to optimize the power dispatch among BS power, public grid 

power, and DG power. 

The operational layer is responsible for keeping the instant power balance and the DC bus voltage 

stabilization.  

II.3. Tariff description 

The static and particularly the dynamic pricing could allow the demand side response to play a more 

active role to help balance power supply and demand and to reduce the public grid stress. Some 

approaches to increase the demand side participation are the time-of-use pricing (TOU), the RTP, and 

the critical peak pricing (CPP). 

TOU tariffs derived from wholesale energy prices can encourage customers to take advantage of the 

price variations to schedule their electricity use. In a TOU pricing scheme, a group of prices is fixed in 

advance and they apply to different predefined intervals of a calendar day, where the electricity prices 

are differentiated by patterns and the rates [77]. 

The RTP [77-79] tends to be more complex than the TOU because the RTP changes the tariff in a 

period of minutes. The CPP [80-82] allows the distribution grid operator to occasionally increase the 

tariff for a limited number of hours given the consumption peak. Users with a flat load profile or with 

high consumption during low price periods, i.e. off-peak hours, are going to have the greatest benefits 
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from the RTP. But even some users demand peaks match the high price periods during peak hours, they 

could also have some benefits because of the reduction of the tariff during peak hours when others could 

shift some load to off-peak hours, even if this tariff would still be considerably greater than off-peak 

periods. 

Since the optimal load shedding is performed inside of the microgrid supervisory system, instead of 

giving the partial control of the user’s appliances to the distribution grid operator, the operator is only 

responsible for defining the maximum amount of power that can be taken from the grid and the microgrid 

supervisory system will ensure to respect this condition, performing a load shedding or using backup 

sources to supply the demanded load power.  

The other energy sources' tariffs are chosen arbitrarily but following the rule presented in the 

equations (2. 22) and (2. 23) for the grid-connected and off-grid modes, respectively. This rule is 

designed to prioritize the load supply and the usage of renewable sources; for those reasons, the cost for 

load shedding and PV shedding are the highest ones. 

 
_ _  BS G PV S L ST T T T   (2. 22) 

 
_ _ _BS SC DG F PV S L ST T T T T      (2. 23) 

where BST  and SCT  are roughly set to be fixed energy tariff according to their lifespan, 
_PV ST  is set as a 

penalization for the shedding PV power, 
_L ST  is set to be the highest cost to protect the load demand as 

fixed shedding penalization tariff and 
_DG FT  is simply set as a DG fixed fuel tariff to be easily used.  

II.4. Economic dispatching optimization 

The economic dispatch layer of the supervisory described in Figure 5 aims to optimize the energy 

usage by using all predictions data while taking into account the information exchanged with the smart 

grid and the end-user. Its goal is to reduce the energy cost for the end-users.  

The following part of this study describes the optimization problem formulation for grid-connected 

mode, the off-grid mode, and full microgrid mode. The solver, MILP, is used to solve the formulated 

problem. The output of the optimization is the power flows of sources and load translated into the 

distribution coefficients Dk  and DGk  regarded as predictive control variables, which are responsible for 

the communication with the operational algorithm to ensure the optimal operation. 

It is assumed that the optimization is performed day-ahead, i.e. once before the day operation by 

using a dataset from Météo France and a load consumption prediction. 
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II.4.1. Problem formulation 

II.4.1.1. Grid-connected microgrid problem formulation 

For on grid-connected mode the DC microgrid has a point of common coupling (PCC) with the 

public grid, have the capacity to exchange power with the public grid in a bidirectional way, buying and 

selling energy to the grid. The DG is not supposed to run in grid-connected mode. The detailed grid-

connected microgrid power flow can be seen in Figure 6. 

 

Figure 6. Grid-connected microgrid power flow. 

The power flow presented in Figure 6 shows two fully controllable sources, BS and public grid 

connection, as well as other two partially controllable components, PV and load. The fully controllable 

sources are used to ensure stability on the bus, given its capacity to inject and remove energy from the 

bus.  

The proposed problem formulation is based on the operation characteristics and constraints 

presented on (2. 1), (2. 2), (2. 3), (2. 4), (2. 5), (2. 6), (2. 7), (2. 8), (2. 17), (2. 18), and (2. 19) The DC 

bus voltage stability is then ensured by the power balance constraint presented in (2. 24). The controller 

dynamic of microgrid is not considered at this stage. 

 
_ _ _ _( ) ( ) ( ) ( ) ( ) ( )− = − + +PV MPPT PV S L D L S BS Gp t p t p t p t p t p t   (2. 24) 

The total cost to be minimized by the optimization algorithm is described in (2. 25). 

 
_ _= + + +TOTAL BS G PV S L SC C C C C   (2. 25) 

where 
_PV SC  is the PV shedding energy cost presented in (2. 26), 

_L SC  is the load shedding energy cost 

following (2. 27), and BSC  is the BS energy cost given by (2. 28), and GC  is the public grid energy cost 

described in (2. 29). 

The PV energy cost is calculated according to the amount of PV shedding power and its tariff in (2. 

26). The load energy cost is achieved according to the amount of load shedding power and its tariff in 
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(2. 27). The BS cost is described in (2. 28), and total public grid energy costs GC  is presented in (2. 29). 

The GC  maybe a negative cost representing the fact that when the energy is injected into the public grid 

to sell power to decrease the overall cost.  

 ( ) ( )
0

_ _ _6

1

3.6 10 =

=  



F

i

t

PV S PV S i PV S i

t t

C T t t p t   (2. 26) 

 ( ) ( )
0

_ _ _6

1

3.6 10 =

=  



F

i

t

L S L S i L S i

t t

C T t t p t   (2. 27) 

 ( ) ( )
0

6

1

3.6 10 =

=  



F

i

t

BS BS i BS i

t t

C T t t p t   (2. 28) 

 ( ) ( )( )
0

6

1

3.6 10 =

=   −



F

i

t

G G i G i

t t

C T t t p t   (2. 29) 

Considering a continuous operation of the system into a finite horizon, the time t  is defined in (2. 

30). The optimization algorithm provides the optimal energy cost of the day. 

  0 0 0, , 2 ,...,= +  + i Ft t t t t t t   (2. 30) 

where the time interval between two samples is defined as t  and the initial and final time being 

respectively 0t  and Ft .  

The whole optimal power dispatching problem is formulated as in (2. 31) and (2. 32). 
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= +  +  i Ft t t t t t   (2. 32) 

where 
_GF LimitP  is the power limit for the public grid power fluctuation. 

Due to the different operation period between economic dispatch layer and operational layer, the 

optimization results in the economic dispatch layer, which is directly introduced into the operational 

layer will lead to the power unbalance in DC bus; therefore, the economic optimization coefficients Dk  

are given to introduce the economic optimization results into the operational layer and to decouple the 

system operation between economic dispatch layer and operational layer. The Dk  are calculated 

according to (2. 33). 

  / ( ), 0,1= + D BS BS G Dk p p p k   (2. 33) 

where Dk  is the division value between the BS and the sum of the BS and the public grid. 

II.4.1.2. Off-grid microgrid problem formulation 

The DC microgrid operating in off-grid mode uses DG instead of the public grid connection as a 

back-up source. Its goal is to supply the load under the multi-source rated power capacity with the power 

balance at a minimum energy cost while minimizing the usage of DG. The detailed power flow of the 

off-grid microgrid can be seen in Figure 7. 

The proposed problem formulation is based on the operation characteristics and constraints 

presented already in (2. 1), (2. 2), (2. 3), (2. 4), (2. 6), (2. 7), (2. 8), (2. 9), (2. 17), (2. 18), and (2. 19) 

Note that the constraints of SC are not considered in the optimization problem formulation, because, on 

the one hand, it is only used to compensate the real-time start-up of the DG, on the other hand, regarding 
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the self-discharge of the SC, one of the most evident SC characteristics, it increases too much the 

complexity of the optimization problem formulation. 

 

Figure 7. Off-grid microgrid power flow. 

The optimization problem formulation has to consider the instantaneous power balance given by (2. 

34), as well as the minimization of the total energy cost given by (2. 35).  

 ( ) ( ) ( ) ( )+ = +PV DG L BSp t p t p t p t   (2. 34) 

 
_ _= + + +TOTAL DG PV S L S BSC C C C C   (2. 35) 

where TOTALC  is the total energy cost, and DGC  is the DG energy cost given by (2. 38), which is the sum 

of the DG fixed fuel cost 
_DG FC  and the DG operating and maintaining cost 

_ &DG O MC  respectively 

provided by (2. 36) and (2. 37). 
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_ _ &= +DG DG F DG O MC C C   (2. 38) 

where 
_DG FT  is the tariff of the DG fuel, 

_ &DG O MT  is the tariff of the DG operation and maintenance. 

During the operation of the off-grid DC microgrid, it is assumed that: 

a) the load shedding is not allowed when BS has enough power; 

b) the non-critical load may be shed when there is not enough power in BS; 

c) the PV shedding is not permitted when the microgrid can consume its production.  

The whole optimal power dispatching problem is formulated as follows (2. 39) and (2. 40). 
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Normally, the time constraint for the DG should be formulated according to the equation (2. 11) and 

(2. 12), at the time, the time counters for 
_DG ONt  and 

_OFF ONt  should be formulated due to the DG 

operates in the duty cycle mode. However, it is too complex for a solver and gives a big solution space 

to search, so, the time constraint for the DG is simplified to be the constraints shown in the equation (2. 

40). 

In the equation (2. 40), the operating mode of the DG can be changed as well as the period DGdt  , 

and the operation power of DG is formulated to be a constant value, which is chosen between DG 

minimum output power (W) while DG start-up 
_ _DG ON MINp  and DG maximum output power (W) while 

DG start-up 
_ _DG ON MAXp  , during its period. When 

_ _DG ON MINp  equal to 
_ _DG ON MAXp  , the DG must 

operate at a certain constant power in the whole optimization process. When 
_ _DG ON MINp  is less than 

_ _DG ON MAXp  , the operation power of the DG can be different between 
_ _DG ON MINp  and 

_ _DG ON MAXp  in 

the whole optimization process. So, how to choose the better constant DG power value or the better 

range of values for the DG operation power can be an important problem. The constant DG power value 

is a stricter constraint than the range of values for the DG operation power. So, it is more likely that the 
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inappropriate setting of the constant DG power value lets the optimization problem to be not optimal, 

even be infeasible when the DG operates at a constant power. 

The DGk  is introduced in (2. 41) based on the same reason as the Dk  to decouple the system 

operation between the economic dispatch layer and operational layer because of the different operation 

periods. 

 
1   0

0  others


= 


DG

DG

if p
k   (2. 41) 

where DGk  can be 1 representing the DG should be turned on, 0 representing the DG should be turned 

off. 

II.4.1.3. Full microgrid problem formulation 

The full DC microgrid operates with the public grid and, if necessary, with the DG as a back-up 

source to balance the power flow. The DC bus can exchange power with BS and public grid but also 

can be supplied by the DG when the DC load is much higher than the PV generated power. The detailed 

power flow of the full microgrid can be seen in Figure 8. 

 

Figure 8. Full microgrid power flow. 

The proposed problem formulation is based on the operation characteristics and constraints 

presented on (2. 1), (2. 2), (2. 3), (2. 4), (2. 5), (2. 6), (2. 7), (2. 8), (2. 9), (2. 17), (2. 18), and (2. 19). 

The optimization problem formulation has to consider the instantaneous power balance given by (2. 

42), as well as the minimization of the total energy cost given by (2. 43).  

 ( ) ( ) ( ) ( ) ( )+ = + +PV DG L BS Gp t p t p t p t p t   (2. 42) 

 
_ _= + + + +TOTAL DG PV S L S BS GC C C C C C   (2. 43) 

In the operation of the full DC microgrid, it is assumed that all the operating conditions and 

constraints formulated for grid-connected and off-grid modes are respected. 
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The completely optimal power dispatching problem is formulated as in (2. 44) and (2. 45). 
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II.4.1.4. Full microgrid problem formulation for 24 hours 

The problem formulation for 24 hours is given below considering the different PV power and load 

demand conditions during the 24 hours for the microgrid continuous operation. The detailed power flow 

of the full microgrid can be seen in Figure 8. 

The completely optimal power dispatching problem is formulated as in (2. 46), (2. 47), and (2. 48). 
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where the power balance constraints, the power fluctuation constraints of the public grid, and the cycle 

power constraints of the DG are shown. 

Two additional constraints groups are shown here below:  
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_ _

additional constraints group 2:

. . ( ) (1 ) ( ) − L S i L CRIT L is t p t k p t
  (2. 48) 

The additional constraints group 1 includes the constraint for the load shedding power and the 

constraints to rule to the BS and the public grid have the same power direction, i.e. the BS and the public 

grid cannot directly exchange power. The additional constraints group 2 only constrains the load 

shedding power; thus, the BS and the public grid can exchange power under the additional constraints 

group 2.  

Due to the different operation period between economic dispatch layer and operational layer, the 

optimization results in the economic dispatch layer, which is directly introduced into the operational 

layer will lead to the power unbalance in DC bus, therefore, the economic optimization coefficients Dk  

and DGk  are given to introduce the economic optimization results into the operational layer and to 

decouple the system operation between economic dispatch layer and operational layer. The Dk  and DGk  

are calculated according to (2. 49) and (2. 50) respectively. 
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  / ( ), ,1= +  −D BS BS G Dk p p p k   (2. 49) 
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where Dk  is the power distribution rate between the BS and the public grid, which is negative only when 

the load demand is low and the available power of the public grid is high in the night, when Dk  is 

positive, both of public grid and BS can work at the same power direction, charging the microgrid or 

discharging by the microgrid, when Dk  is negative, the public grid and BS can work at the different 

power direction, the public grid is selling power while the BS is charging; DGk  represents whether the 

DG is turned on or not, when DGk  is 1 representing the DG is turned on, 0 representing the DG is turned 

off. 

II.4.2. Optimization algorithm 

This chapter proposes to use the MILP method, which is also able to optimize the whole day but is 

restricted to a linear formulation of the problem. Indeed, in [74], the authors have described some work 

aiming to define the most suitable optimization algorithm to be used with the proposed microgrid 

architecture and energy management strategies. Two different approaches, differential evolution and 

MILP, are presented to solve the optimal self-scheduling problem and ensure a minimum energy cost to 

the end-user given a day-ahead prediction horizon; then, these methods are compared with the rule-

based method, which is a real-time optimization. The proposed problem formulation describes the 

problem only with linear constraints and as a convex function. The MILP, being more direct than an 

artificial intelligence approach and more reliable than a rule-based approach, has proved to have the best 

trade-off between computational time and energy cost among the proposed algorithms. 

II.5. Power management strategy 

The operational layer is responsible for ensuring power balance in real-time as well as respect the 

system’s limits under uncertain weather conditions and load demand power. At the beginning of each 

algorithm’s iteration the newest value of the optimal control vector, received from the optimization 

algorithm, also the real measurements and the fixed parameters are read. The load optimization happens 

according to equation (2. 16). The compensation power p  is calculated according to equation (2. 1) 

and then, based on the resulting power flow and the newest control vector value, the tradeoff between 

BS and either public grid or DG is defined to supply p  in multiple operation modes to keep the power 

balanced and ensure voltage stability.  
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In grid-connected mode, the power exchanged with the public grid or BS in a bidirectional way is a 

decision taken following the economic optimization coefficient Dk . In off-grid mode, the decision of 

DG starting is given by introducing the economic optimization coefficient DGk . In full microgrid mode, 

both the conditions, happen in grid-connected mode and off-grid mode, need to be considered. The 

proposed power management strategies are shown following in three main operation modes. In each 

operation mode, there are two conditions to be distinguished into the mode without the usage of 

economic optimization and with the usage of economic optimization. 

II.5.1. Grid-connected power management strategy 

The operational algorithm used during grid-connected operation is introduced in two ways: grid-

connected mode without economic optimization, grid-connected mode with economic optimization. 

II.5.1.1. Grid-connected power management strategy without economic 

optimization 

In grid-connected mode without economic optimization, the power management strategy is 

presented in Figure 9. The load optimization runs in every iteration of the power management strategy 

to decide the optimal load power according to the available power.  

 

Figure 9. Grid-connected operational algorithm without economic optimization. 
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II.5.1.1.1. Case 1, 2, 3 

The case 1, case 2, and case 3 happen when p  is positive representing that the power of PV supply 

is more than the power sum of load demand and common DC bus compensated, meanwhile, Lp  is more 

than its critical load. In these cases, p  can be distributed by the BS and public grid. The power 

management takes into account the assumption that BS has a higher priority than the public grid in the 

power compensation of the microgrid. When BS and public grid are both limited to their limitations, the 

PV shedding happens in case 1. The BS and public grid can support the p  in case 2 and case 3 under 

their limitations. 

II.5.1.1.2. Case 4, 5, 6 

Case 4, case 5, and case 6 happen when p  is negative. In these cases, p  can be distributed to the 

BS and public grid. The BS has always the high priority than the public grid in the power compensation 

of the microgrid. When BS and public grid are both limited to their limitations, the load shedding 

happens in case 4, and the load power is supposed to be decided in the load optimization part before the 

case 4. Mostly, load shedding in case 4 is not in operation unless the error happens in the load 

optimization part. 

II.5.1.2. Grid-connected power management strategy with economic 

optimization 

In grid-connected mode with economic optimization, the power management strategy is presented 

in Figure 10. The load optimization runs in every iteration of the power management strategy to decide 

the optimal load power according to the available power. When Dk  equals 1, the operational algorithm 

is the same as the one in II.5.1. 

II.5.1.2.1. Case 1, 2, 3 

The most parts of this operational algorithm are the same as the operational algorithm in II.5.1.1.1. 

The different part is the introduction of the economic optimization coefficient Dk . The p  can be 

distributed to the BS and public grid as the coefficient Dk  in case 3, when the public grid is limited, the 

necessary power will be compensated by the BS to avoid the PV shedding in case 2. When the BS is 

also limited, the PV shedding happens to balance power in case 1. 

II.5.1.2.2. Case 4, 5, 6 

The most parts of this operational algorithm are the same as the operational algorithm in II.5.1.1.2. 

The different parts are the economic optimization coefficient Dk , is introduced. The p  can be 
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distributed to the BS and public grid as the coefficient Dk  in case 6, when the public grid is limited, the 

necessary power will be compensated by the BS to avoid the load shedding in case 5. When the BS is 

also limited, the load shedding happens to balance power in case 4. 

 

Figure 10. Grid-connected operational algorithm with economic optimization. 

II.5.2. Off-grid power management strategy 

The operational algorithm used during operation in off-grid mode is presented in two ways: off-grid 

mode without economic optimization, off-grid mode with economic optimization. The DG and SC 

controls are integrated into the operational algorithm. 

II.5.2.1. Off-grid power management strategy without economic optimization 

In off-grid mode without economic optimization, the power management strategy is presented in 

Figure 11 and Figure 12. The load optimization also runs in every iteration of the power management 

strategy to decide the optimal load power according to the available power. 
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Figure 11. Off-grid operational algorithm without economic optimization. 

 

Figure 12. Sub flow-chart of Figure 11. 

II.5.2.1.1. Case 1, 2, 3 

The case 1, case 2, and case 3 happen when p  is positive representing that the power of PV supply 

is more than the power sum of load demand and common DC bus compensated, meanwhile, Lp  is more 

than its critical load. In case 1, and case 2, p  can be distributed by the BS. When BS is limited to its 

limitations, the PV shedding happens in case 1. The BS can support the p  in case 2 under its 

limitations. The SC recharging is triggered by the SCsoc  in case 3. When the SC starts recharging, the 
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p  is the SC recharging power. The SC cannot stop recharging until SCsoc  reaches the 
_ _SC MAX MAXSOC  

or the SC recharging time, 
_SC CHt , is more than its minimum value 

_SC MINT . The two conditions also 

keep the SC working at a period to avoid the converters working at low efficiency. 

II.5.2.1.2. Case 4, 5, 6, 7, 8 

The case 4, case 5, case 6, case 7, and case 8 happen when p  is negative, or Lp  is less than its 

critical load. The start-time of SC recharging is decided by SCsoc . When SCsoc  is less than 

_ _SC MIN MAXSOC , the SC starts recharging. The BS can support the SC recharging and 
_L Dp  under their 

limitations in case 5. The SC cannot stop recharging until SCsoc  is more than 
_ _SC MAX MAXSOC  or the SC 

recharging time, 
_SC CHt , is more than its minimum value 

_SC MINT . The load shedding happens in case 4 

or case 6. The BS can support 
_L Dp  in case 7. 

When SCsoc  is less than 
_BS MINSOC  and Lp  is less than its critical load, the DG is turned on in case 

8.  

II.5.2.1.3. Case 9 

When the DG is turned on, the SC starts discharging to compensate for the power of the sluggish 

dynamic of the DG until the DG can supply the stable power expressed in (2. 10). When the DG can 

supply the stable power, it starts charging the SC and supplying p  to keep the power balance of the 

microgrid until the SC finishes charging. Then the DG stops charging the SC, and it starts charging the 

battery and supplying p  to keep the power balance of the microgrid till the battery finishes charging. 

When the BS finishes charging or the DG reaches its duty cycle, the DG is turned off. 

II.5.2.2. Off-grid power management strategy with economic optimization 

In off-grid mode with economic optimization, the power management strategy is presented in Figure 

13 and Figure 14. The load optimization also runs in every iteration of the power management strategy 

to decide the optimal load power according to the available power. The economic optimization 

coefficient DGk  is introduced in the operational algorithm. When DGk  equals 0, the operational algorithm 

is the same as the one in II.5.2.1. 
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Figure 13. Off-grid operational algorithm with economic optimization. 

 

Figure 14. Sub-flow-chart of Figure 13. 

II.5.3. Full microgrid power management strategy 

The operational algorithm used during full microgrid operation is introduced in two ways: full 

microgrid mode without economic optimization, full microgrid mode with economic optimization. 
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II.5.3.1. Full microgrid power management strategy without economic 

optimization 

The power management strategy is presented in Figure 15 and Figure 16. The load optimization also 

runs in every iteration of the power management strategy to decide the optimal load power according to 

the available power. 

 

Figure 15. Full microgrid operational algorithm without economic optimization. 

 

Figure 16. Sub flow-chart of Figure 15. 
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II.5.3.1.1. Case 1, 2, 3, 4 

The case 1, case 2, case 3, and case 4 happen when p  is positive representing that the power of 

PV supply is more than the power sum of load demand and common DC bus compensated, meanwhile, 

Lp  is more than its critical load. In case 1, case 2, and case 3, p  can be distributed by the BS and 

public grid. The BS has a higher priority than the public grid in the power compensation of the microgrid. 

When BS and public grid are both limited to their limitations, the PV shedding happens in case 1. The 

BS and public grid can support the p  in case 2 and case 3 under their limitations. The SC recharging 

is triggered by the SCsoc  in case 4. When the SC starts recharging, the p  is the SC recharging power. 

The SC cannot stop recharging until SCsoc  reaches the 
_ _SC MAX MAXSOC  or the SC recharging time, 

_SC CHt , is more than its minimum value 
_SC MINT . The two conditions also keep the SC working at a 

period to avoid the converters working at low efficiency.  

II.5.3.1.2. Case 5, 6, 7, 8, 9, 10 

The case 5, case 6, case 7, case 8, case 9, and case 10 happen when p  is negative, or Lp  is less 

than its critical load. The start-time of SC recharging is decided by SCsoc . When SCsoc  is less than 

_ _SC MIN MAXSOC , the SC starts recharging. The BS and public grid can support the SC recharging and 

_L Dp  under their limitations in cases 5 and 6. The load shedding happens in case 5. The SC cannot stop 

recharging until SCsoc  is more than 
_ _SC MAX MAXSOC  or the SC recharging time, 

_SC CHt , is more than its 

minimum value 
_SC MINT . In case 7, case 8, case 9 and case 10, p  can be distributed to the BS and 

public grid. The BS has a high priority than the public grid in the power compensation of the microgrid. 

When BS and public grid are both limited to their limitations, the load shedding happens in case 7.  

When SCsoc  is less than 
_BS MINSOC  and Lp  is less than its critical load, the DG is turned on in case 

10. The BS and public grid can support the p  in case 8 and case 9 under their limitations.  

II.5.3.1.3. Case 11 

When the DG is turned on, the SC starts discharging to compensate for the power of the sluggish 

dynamic of the DG till the DG can supply the stable power expressed in (2. 10). When the DG can 

supply the stable power, it starts charging the SC and supplying p  to keep the power balance of the 

microgrid till the SC finishes charging. Then the DG stops charging the SC, and it starts charging the 

battery and supplying p  to keep the power balance of the microgrid till the battery finishes charging. 

When the battery finishes charging or the DG reaches its duty cycle, the DG is turned off. 
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II.5.3.2. Full microgrid power management strategy with economic optimization 

The power management strategy is presented in Figure 17 and Figure 18. The load optimization also 

runs in every iteration of the power management strategy to decide the optimal load power according to 

the available power. The economic optimization coefficient Dk  and DGk  are introduced in the 

operational algorithm. When Dk  equals to 1, and DGk  equals to 0, the operational algorithm is the same 

as the one in II.5.3.1. 

 

Figure 17. Full microgrid operational algorithm with economic optimization. 

 

Figure 18. Sub flow-chart of Figure 17. 
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II.5.4. Full microgrid power management strategy for 24 hours 

The operational algorithm used during full microgrid operation for 24 hours is introduced in two 

ways: full microgrid mode without economic optimization, full microgrid mode with economic 

optimization. 

II.5.4.1. Full microgrid power management strategy without economic 

optimization 

The algorithm for power control operating simultaneously with the power management is presented 

in Figure 19, Figure 20, and Figure 21. The available power block is given in Figure 18. The power 

management is introduced with the power control flow-chart to provide a high running rate for real-time 

power management and complex computation is avoided due to the computation time. Therefore, the 

power of the described full DC microgrid can be balanced in real-time by running the proposed 

algorithm. In order to present an optimal load demand management, this algorithm for power control 

and power management integrates a load optimization algorithm, which can run in real-time to decide 

the optimal load management. In order to forbid the BS directly sell power to the public grid, the power 

management is designed respecting the rules following, the public grid can sell power to support the 

load demand, the BS, and the SC, the public grid can only buy the PV generated power. 

 

Figure 19. Full microgrid operational algorithm without economic optimization. 

In Figure 19, Figure 20, and Figure 21, the input of the algorithm is the power measurement value 

and real-time estimated value; the output is the controller references values for the PV sources, the BS, 

the public grid, the DG, and the SC. In Figure 21, there are two sub-flow-charts, a and b, which can 
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operate at different time periods. The load optimization runs in real-time according to the (2. 16). The 

available power is calculated according to the BS available power 
_ BS AVAILp , the DG available power 

_ DG AVAILp , the public grid available power, and the common DC compensated power (Figure 19). The 

public grid available power equals to 
_ G MAXp . The proposed power management consists of 11 cases 

that are detailed in the following sections. 

 

Figure 20. Sub flow-chart of operational power control and management algorithm. 

 

Figure 21. Sub flow-chart a and sub flow-chart b. 
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II.5.4.1.1. Case 1, 2, 3, 4 

The case 1, case 2, case 3, and case 4 happen when p  is positive representing that the power of 

PV supply is more than the power sum of load demand and common DC bus compensated, meanwhile, 

Lp  is more than its critical load. In case 1, case 2, and case 3 p  can be distributed by the BS and 

public grid. The BS has a higher priority than the public grid in the power compensation of the microgrid. 

When the BS and public grid are both limited to their limitations, the PV shedding happens in case 1. 

The BS and public grid can support the p  in case 2 and case 3 under their limitations. The SC 

recharging is triggered by the SCsoc  in case 4. When the SC starts recharging, the p  is the SC 

recharging power. The SC cannot stop recharging until SCsoc  reaches the 
_ _SC MAX MAXSOC  or the SC 

recharging time, 
_SC CHt , is more than its minimum value 

_SC MINT . The two conditions also keep the SC 

working at period to avoid the converters working at low efficiency。 

II.5.4.1.2. Case 5, 6, 7, 8, 9, 10 

The case 5, case 6, case 7, case 8, case 9, and case 10 happen when p  is negative, or Lp  is less 

than its critical load. The start-time of SC recharging is decided by SCsoc . When SCsoc  is less than 

_ _SC MIN MAXSOC , the SC starts recharging. The BS and public grid can support the SC recharging and 

_L Dp  under their limitations in cases 5 and 6. The load shedding happens in case 5 when the BS and 

public grid can support the 
_L Dp . The SC cannot stop recharging until SCsoc  is more than 

_ _SC MAX MAXSOC  or the SC recharging time, 
_SC CHt , is more than its minimum value 

_SC MINT . In case 7, 

case 8 and case 9 of the sub-flow-chart a in Figure 21, p  can be distributed to the BS and public grid 

in case 8 and 9. The BS has high priority than the public grid in the power compensation of the microgrid. 

When BS and public grid are both limited to their limitations, the load shedding happens in case 7. In 

case 7, case 8 and case 9 of the sub flow-chart b in Figure 21, when the public grid can supply p , the 

rest of the public grid power can charge the BS in case 7; when the public grid cannot supply p , p  

can be also distributed to the BS and public grid, and the public grid has high priority than the BS in the 

power compensation of the microgrid in case 9; when BS and public grid are both limited to their 

limitations, the load shedding happens in case 8. 

When SCsoc  is less than 
_BS MINSOC  and Lp  is less than its critical load, the DG is turned on in case 

10. The BS and public grid can support the p  in case 8 and case 9 under their limitations.  

II.5.4.1.3. Case 11 

When the DG is turned on, the SC starts discharging to compensate for the power of the sluggish 

dynamic of the DG until the DG can supply the stable power expressed in (2. 10). When the DG can 
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supply the stable power, it starts charging the SC and supplying p  to keep the power balance of the 

microgrid until the SC finishes charging. Then the DG stops charging the SC, and it starts charging the 

BS and supplying p  to keep the power balance of the microgrid until the BS finishes charging. When 

the BS finishes charging or the DG reaches its duty cycle, the DG is turned off. 

II.5.4.2. Full microgrid power management strategy with economic optimization 

The proposed full microgrid power management strategy with economic optimization is introduced 

in the flow chart structed in Figure 22, Figure 23, and Figure 24, which is a rule-based method. The Dk  

and DGk  calculated in the energy management are introduced in the real-time power management 

strategy. 

In Figure 22, it can be seen that the proposed power management strategy consists of 11 cases, the 

real-time load power optimization is integrated. When p  is positive or equals to 0 and the load power 

is greater than its critical load or equals to its critical load, the case 1, 2, 3, 4 can happen. In case 1, PV 

shedding happens because the BS and the public grid are limited. In case 2, 3 the BS and the public grid 

can support p . In case 4, the SC is recharging by p  because SCsoc  reaches 
_ _SC MAX MINSOC , the SC 

can stop recharging when SCsoc  is less than 
_ _SC MAX MAXSOC  or recharging time 

_SC CHt  reaches its 

maximal recharging time 
_SC MAXT . The case 5, 6, 7, 8, 9, 10 can happen when p  is negative or the 

critical load is shedding. The case 11 shows the process while the DG is turned on. 

 

Figure 22. Full microgrid operational algorithm with economic optimization. 
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Figure 23. Full microgrid power management sub flow chart 1 in the operational layer. 

In Figure 23, the detailed process of the case 5, 6, 7, 8, 9, 10 can be seen. The case 5, 6 can happen 

when SCsoc  reaches
_ _SC MIN MAXSOC , the load shedding happens in case 5 because there is no more in 

the BS and the public grid to support p , the SC is recharging in case 6. There are two flow charts, 

sub-flow-chart a and b describing in cases 7, 8, 9. The sub-flow-chart a can be chosen according to the 

condition when Dk  is positive or 0 and p  is less or equals to 
_− PG MAXP  , the sub-flow-chart b can be 

chosen in the opposite condition. In the sub-flow-chart a, the BS and the public grid can supply power 

to the microgrid. In the sub-flow-chart b, the public grid can support the BS and the microgrid by selling 

power. The start-up signal is sent in case 10 when BSsoc  is less or equals to 
_BS MINSOC  and the critical 

load is shedding. 

 

Figure 24. Sub flow-chart a and b of Figure 23. 
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In Figure 24, the detailed flow chart of cases 7, 8, 9 is shown. In case 7 of sub-flow-chart a, the load 

shedding happens because the BS and the public grid cannot support p , in case 8, 9 of sub-flow-chart 

a, the BS and the public grid can support p . In case 7 of sub-flow-chart b, the public grid only supply 

p , in case 8, 9 of sub-flow-chart b, the public grid can support p  and the BS. 

II.6. Conclusion 

In order to integrate the advantages of the grid-connected and off-grid operation modes of a DC 

microgrid, this chapter proposes the full microgrid operation mode. A special supervisory system 

including the real-time power management strategy and day-ahead optimization for microgrid economic 

dispatching is proposed for the proposed full DC microgrid.  

In this chapter, firstly, the DC microgrid modeling is introduced including the multi-source, and 

multi-storage, and load demand. Secondly, the economic dispatching optimization algorithm is 

presented after problem formulation. The full DC microgrid problem formulation is obtained by 

combining grid-connected microgrid problem formulation and off-grid microgrid problem formulation. 

Then, full DC microgrid power management strategy is proposed by considering the advantages and 

shortages grid-connected power management strategy and off-grid power management strategy.  

In the following chapter the simulation results are presented. 
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Chapter III. Simulation results 

The simulation for chapter II is done following. This chapter first presents grid-connected simulation, 

off-grid simulation, and full microgrid simulation for 9 hours’ duration, then presents full microgrid 

simulation for 24 hours’ duration. The simulation results show the superiority of the proposed full DC 

microgrid supervisory system.  

III.1. Simulation verification 

Simulations tests are carried out to validate the optimization formulation problem in the economic 

dispatching layer and to validate the proposed power management strategy under the optimization 

problem formulation. The economic optimization in the economic dispatching layer is performed in the 

day-ahead. 

There are two simulation time periods: 9 hours' duration and 24 hours' duration. Under each 

simulation period, the results in the economic dispatching layer is shown, the real-time simulation results 

in the operational layer by using the day-ahead optimization results from the economic dispatching layer 

is compared with the real-time simulation results in the operational layer without consideration the day-

ahead optimization results. 

The results and the comparison analyze are presented in three operating modes, grid-connected DC 

microgrid, off-grid DC microgrid, and full DC microgrid, as well as for three different weather 

conditions in each operating mode. 

III.1.1. Simulation scenario for 9 hours' duration 

To solve the optimization problem of the economic dispatching, the MILP solver is applied. The 

weather data set from three different days, i.e. May 8th 2018, June 20th 2018, and July 16th 2018, under 

different weather conditions, the sunny weather, cloudy weather, and thunderstorm weather, 

corresponding to the three types of solar radiation, can give a good simulation verification. The PV 

prediction power curves can be calculated according to the equations (2. 20) and (2. 21) with solar 

irradiantion data prediction obtained from the Météo France website. The load power is scaled according 

to the real daily load demand data in the university building from the local electrical company ENEDIS. 

In the load power, the power curve is the sum of all the appliances of the university building, then, the 

load power is scaled from the same profile of the real load demand power. The load shedding real-time 

optimization [70] is used in the following simulation. 
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Table 1 shows the simulation parameters' values of the principal devices, which are applied in the 

simulation. The PV sources consist of 14 PV panels with 125W MPPT power under STC per panel as 

shown in appendix 1. The BS consists of 5 batteries with 6.6Ah per battery in appendix 2. The load 

power is assumed to be 49 controllable appliances for verifying the load real-time optimization 

algorithm. It is based on the experience that the load demand respects to a duty-cycle regular change, 

the load prediction power is assumed to be a little different from the real load power, and the maximal 

load demand power is set to 1500W. The rated voltage of SC is 75V as given in appendix 3. The maximal 

power limit of DG as described in appendix 4 is set to 1500W to satisfy the load demand. 

Table 1. Simulation parameter of the principal device 

Element Parameter Number 

PV 125W 14 

BS 6.6Ah 5 

Public grid ~ 1 

Load 1500W 49 

SC 75V 1 

DG  1500W 1 

 

The PV MPPT power and hourly PV prediction power for three days are separately shown in Figure 

25, Figure 26, and Figure 27. 

 

Figure 25. PV MPPT power and PV prediction power curves for May 8th 2018. 
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Figure 26. PV MPPT power and PV prediction power curves for June 20th 2018. 

 

Figure 27. PV MPPT power and PV prediction power curves for July 16th 2018. 

The load demand power and load power prediction curves are given in Figure 28.  
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Figure 28. Load demand power and load power prediction curves. 

The enterprise tariff of the public grid is given according to the TOU method in Table 2, the high 

tariff of peak hours is in the period from 10:00 to 12:00, the low tariff of normal hours is in the rest time 

of the 9 hours. 

Table 2. TOU public grid energy tariffs  

Public grid 

TOU energy tariffs (€/kWh) 

08:00-10:00 10:00-12:00 12:00-17:00 

GT  0.1 0.7 0.1 

with GT  being the public grid exchanging imposed tariffs for supply and injection.  

Table 3 presents the numerical values of the fixed energy tariffs considered in this work based on 

the rule presented in chapter II. 3. The average DG operation and maintenance (O&M) tariff 
_ &DG O MT  

including oil change cost and the replacement cost of several elements: pre-cleaner, air cleaner, low-

profile air cleaner, fuel filter, and the spark plug [69] are also considered, the 
_ &DG O MT  is assumed to be 

0.63 €/h. 

Table 3. Fixed energy tariffs  

Fixed energy tariffs (€/kWh) 

BS BST  0.05 

PV shed 
_PV ST  1.5 

Load shed 
_L ST  1.8 

DG 
_DG FT  1.2 

SC SCT  0.3 
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In Table 4, the simulation scenarios are shown with the three operation modes, grid-connected mode, 

off-grid mode, and full microgrid mode. In every operation mode, the day-ahead optimization and real-

time simulation are separately done. Then, in the day-ahead optimization, the optimization is designed 

by using the PV and load prediction power compared with the optimization by using the real PV and 

load power to eliminate the interference of the uncertain of power prediction. 

Table 4. Simulation scenarios 

Simulation scenarios 

Grid-connected 

mode, off-grid mode, 

and full microgrid 

mode. 

Day-ahead 

optimization 

Optimization with the PV and load prediction power 

Optimization with the real PV and load power 

Real-time 

simulation 

Real-time result without day-ahead optimization 

Real-time result with day-ahead optimization 

III.1.2. Grid-connected simulation for 9 hours' duration 

To solve the grid-connected optimization problem of the economic dispatching, the MILP solver is 

applied. The 9 hours' duration weather data set from three different days, May 8th 2018, June 20th 2018, 

and July 16th 2018, under different weather conditions have been introduced in III.1.1. The load power 

and load prediction power has been provided in III.1.1. The tariff of every electrical component in the 

grid-connected mode has been given in III.1.1. 

The grid-connected DC microgrid parameters used for the optimization dispatch layer and the 

operational algorithm of the operational layer are presented in Table 5. 

Table 5. Parameter 

Parameters Values Parameters Values 

_BS MAXP  1000W _PV STCP  1750W 

_BS MINSOC  20% _BS REFC  6.6Ah 

_BS MAXSOC  80% _G MAXP  200W 

_ 0BSSOC  50%   

In this study, the capacity of the BS and the power limits of the public grid are chosen in order to be 

able to illustrate and to demonstrate some features of the system considering the BS behavior and the 

public grid, such as maximum limit reached, PV shedding happened, and load shedding happened. The 

difference between the parameters in the optimization dispatch layer and the parameters in the 

operational algorithm is that the public grid power fluctuation 
_GF LimitP  is only considered in the 

optimization dispatch layer, the DC bus reference voltage *

DCv  is only considered in the operational layer 

because the characteristic of the DC bus controller is not considered in the optimization dispatch layer. 
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In order to avoid the DC microgrid paralysis in the operational layer and the infeasible solution in the 

optimization dispatch layer, all the load demand power is assumed to be non-critical load in both of the 

layers. 
_ 0BSSOC  is the initial BS state of charge, 

_PV STCP  is the MPPT power under STC. 

III.1.2.1. Optimization results 

Based on PV and load prediction power profiles of May 8th 2018, the day-ahead economics 

optimization results are shown in Figure 29 and Figure 30. t  is 10 seconds as the weather data’s 

sampling. 

 

Figure 29. The day-ahead economics optimization results ( Dk ) and BS SOC  curves at grid-connected 

mode on May 8th 2018. 

 

Figure 30. The day-ahead economics optimization results of power curves at grid-connected mode on 

May 8th 2018. 
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In Figure 29 and Figure 30, at the beginning of the optimization results, the PV power is less than 

the load demand power, the public grid and BS try their best to supply the load demand power; when 

the BSsoc  reaches 
_BS MINSOC , the load shedding can happen to keep the power balance of the microgrid; 

from 10:00 to 16:00, the PV power is close to the load demand, the public grid can sell or buy power 

from the microgrid and the BS can be charging and discharging; at the end of the optimization, the PV 

power is more than the load demand power, so the public grid can buy the PV power, at the same time, 

the BS can be charging. The results above are the day-ahead optimization results, which means the 9 

hours' duration day-ahead optimization, thus the power distribution is different from the instant 

optimization base on the component tariff. 

In the day-ahead optimization, it is natual that the prediction error exsits between the prediction 

power and real power of the PV and load due to the complexity to model the uncertain weather condition 

and uncertain human behaviors. Thus, the day-ahead optimization suffers the prediction error, which 

causes the uncertain optimization results when the PV and load prediction power are used. Thus, in the 

day-ahead optimization, the real PV and load power profiles are used to replace the PV and load power 

prediction profiles to eliminate the prediction error between the prediction and the real value, which can 

be a reference to the results by using the prediction value. The economics optimization results by using 

real PV and load power profiles are shown in Figure 31 and Figure 32. t  is 10 seconds as the weather 

data’s sampling. 

 

Figure 31. The ideal economics optimization results ( Dk )  and BS SOC curves at grid-connected mode 

on May 8th 2018. 

In Figure 31 and Figure 32, the PV and load prediction power profiles are replaced by the real PV 

and load power profiles measurements and respectively considered for May 8th 2018. It can be seen that 

the results by using the real PV and load power profiles probably has the same trend as the results by 

using the PV and load prediction power profiles; however, the PV in the day-ahead optimization results 
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have more shedding power than the ideal economics optimization in 8:00 to 10:00, which is influenced 

by the difference between PV and load prediction power profiles, and real PV and load power profiles. 

 

Figure 32. The ideal economics optimization results of power curves at grid-connected mode on May 

8th 2018. 

III.1.2.2. Real-time simulation results 

The following section considers the real-time simulation results of the operational layer. In order to 

validate the effectiveness of the day-ahead optimization, the real-time simulation result by using the 

day-ahead optimization will be compared with the real-time simulation result without considering the 

day-ahead optimization results. 

III.1.2.2.1 Real-time result without day-ahead optimization 

Without considering the day-ahead optimization results, the cases under the power management 

strategy proposed in II.5.1.1. should be used, which are also special cases in II.5.1.2. when Dk  equal to 

1. Thus, in order to give a better comparison, the cases when Dk  equal to 0.5, or 0 are also simulated. 

The results when Dk  equal to 1, 0.5, or 0 are separately shown in Figure 33 and Figure 34, Figure 

35, and Figure 36, Figure 37, and Figure 38.  

In Figure 33 and Figure 34 the BS has a higher priority than the public grid to compensate for the 

power difference between 
_PV MPPTp  and 

_L Dp . At the beginning of the optimization results, the PV 

power is less than the load demand power, the BS has the higher priority to supply the load demand 

power; when the BSsoc  reaches 
_BS MINSOC , the public grid try to supply the load demand power; when 

both of the public grid and the BS are limited, the load shedding can happen to keep the power balance 

of the microgrid; from 10:00 to 16:00, the PV power is close to the load demand, the public grid can sell 

or buy power from the microgrid and the BS can be charging and discharging; at the end of the 
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optimization, the PV power is more than the load demand power, so the BS has the higher priority to 

absorb the excess PV power; when the BSsoc  reaches 
_BS MAXSOC , the public grid can buy the PV power; 

when both of the public grid and the BS are limited, the PV shedding can happen to keep the power 

balance of the microgrid. 

 

Figure 33. DC bus voltage and BS SOC curves when Dk  = 1 at grid-connected mode on May 8th 2018. 

 

 

Figure 34. Power curves when Dk  = 1 at grid-connected mode on May 8th 2018. 

In Figure 35 and Figure 36 both the BS and the public grid have the same priority to compensate for 

the power difference between 
_PV MPPTp  and 

_L Dp .  

In Figure 35 and Figure 36 at the beginning of the optimization results, the PV power and is less 

than the load demand power, the public grid and the BS has the same priority to supply the load demand 

power; when one of the public grid and the BS is limited, the other tries to supply the load demand 
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power; when both of the public grid and the BS are limited, the load shedding can happen to keep the 

power balance of the microgrid; from 10:00 to 16:00, the PV power is close to the load demand, the 

public grid can sell or buy power from the microgrid and the BS can be charging and discharging; at the 

end of the optimization, the PV power is more than the load demand power, so when one of the public 

grid and the BS is limited, the other tries to absorb the PV power; when both of the public grid and the 

BS are limited, the PV shedding can happen to keep the power balance of the microgrid. 

 

Figure 35. DC bus voltage and BS SOC curves when Dk  = 0.5 at grid-connected mode on May 8th 

2018. 

 

Figure 36. Power curves when Dk = 0.5 at grid-connected mode on May 8th 2018. 

In Figure 37 and Figure 38, the public grid has a higher priority than the BS to compensate for the 

power difference between 
_PV MPPTp  and 

_L Dp .  

In Figure 37 and Figure 38, at the beginning of the optimization results, the PV power is greater than 

the load demand power, the public grid has the higher priority to supply the load demand power; when 
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the public grid is limited, the BS tries to charge the load demand power; when both of the public grid 

and the BS are limited, the load shedding can happen to keep the power balance of the microgrid; from 

10:00 to 16:00, the PV power is close to the load demand, the public grid can sell or buy power from 

the microgrid and the BS can be charging and discharging; at the end of the optimization, the PV power 

is more than the load demand power, so the public grid has the higher priority to absorb the excess PV 

power; when the public grid is limited, the BS can be charging by the PV power; when both of the public 

grid and the BS are limited, the PV shedding can happen to keep the power balance of the microgrid. 

 

Figure 37. DC bus voltage and BS SOC curves when Dk  = 0 at grid-connected mode on May 8th 2018. 

 

Figure 38. Power curves when Dk  = 0 at grid-connected mode on May 8th 2018. 

III.1.2.2.2 Real-time results with day-ahead optimization 

Considering the day-ahead optimization results, the cases under the power management strategy 

proposed in II.5.1.2. should be used. The optimization coefficient Dk  can introduce the day-ahead 

optimization results in the economic dispatching layer. 
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The real-time operational simulation results of the DC microgrid by using the day-ahead economics 

optimization results are shown in Figure 39 and Figure 40. 

 

Figure 39. The actual results of DC bus voltage and BS SOC curves at grid-connected mode on May 

8th 2018. 

 

Figure 40. The actual results of power curves at grid-connected mode on May 8th 2018. 

In Figure 39 and Figure 40, the day-ahead economics optimization results are introduced in the real-

time operational layer, it can be seen that the power ratio between the public grid and the BS can not be 

a constant value. At the beginning of the real-time simulation, the BS is charging more power because 

of the higher PV power.  

The ideal real-time operational simulation results of the DC microgrid by using the ideal economics 

optimization results under the real PV and load power profiles are shown in Figure 41 and Figure 42. 

In Figure 41 and Figure 42, the ideal economics optimization results are introduced in a real-time 

operational layer, it can be seen that the ideal power management of the DC microgrid. 
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Figure 41. The ideal results of DC bus voltage and BS SOC curves at grid-connected mode on May 8th 

2018. 

 

Figure 42. The ideal results of power curves at grid-connected mode on May 8th 2018. 

III.1.2.3. Grid-connected simulation results comparison and analysis  

This section presents some tables that list the energy cost of every component from the above 

simulation results including the optimization results given in III.1.2.1. and the real-time operational 

results given in III.1.2.2.  

The summary of the simulation results for grid-connected mode on May 8th 2018 are shown in Table 

6. 

In Table 6, there are seven conditions listing, the conditions when Dk  equals to 1, 0.5, or 0 are the 

real-time simulation results in the operational layer. The conditions of MILP results are the day-ahead 

optimization results in the economics dispatching layer by using the prediction power profiles of PV 
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and load. The conditions of operational results are the real-time simulation results in the operational 

layer by using the MILP results based on prediction power profiles of PV and load. The conditions of 

ideal MILP results are the ideal optimization results in the economics dispatching layer by using real 

recorded PV and load power profiles to replace the prediction power profiles of PV and load; it is an 

ideal case because the real power profiles are considered without any uncertainties, i.e. 100% accuracy. 

The conditions of ideal operational results are the real-time simulation results in the operational layer 

by using the ideal MILP results. In fact, the MILP problem formulation can be close to the operational 

layer model. However, the MILP cannot formulate a problem which is exactly the same to the 

operational layer due to complexity of the operational layer. Thus, the ideal MILP results and the ideal 

operational results are not exactly the same. 

Table 6. Results summary for grid-connected mode on May 8th 2018. 

Day-ahead optimization NO 

Condition in real-time simulation 1=Dk  0.5=Dk  0=Dk  

The sum of BSC  and GC  (c€) 15.89 15.86 13.24 

_PV SC  (c€) 1.57 0 0 

_L DC  (c€) 26.63 18.11 17.27 

TOTALC  (c€) 44.09 33.97 30.52 

 

Table 6 bis. Results summary for grid-connected mode on May 8th 2018. 

Day-ahead optimization YES 

Condition 
MILP 

results 

Operational 

results 

Ideal 

MILP 

results 

Ideal 

Operational 

results 

The sum of BSC  and GC  (c€) 25.17 14.17 14.65 14.13 

_PV SC  (c€) 0 0 0 0 

_L DC  (c€) 101.04 20.16 11.91 15.75 

TOTALC  (c€) 126.21 34.32 26.56 29.88 

 

To evaluate the day-ahead optimization performance, the ideal operational results after using ideal 

MILP results are regarded as a reference to compare with the real operational results after using real 

MILP results.  

By comparing the results given in Table 6, it can be seen that the total cost under the condition when 

Dk  equals to 1, 0.5, or 0, and operational results is higher than the total cost under the condition of ideal 
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operational results, because the accuracy of PV and load power prediction has a big influence on power 

dispatching. Normal, the phenomenon that the total cost under the condition of operational results is less 

than the total cost under the condition when Dk  equals to 1, 0.5, or 0 should happen, which can give a 

positive proof that the optimization in the economics dispatching layer can make a good function to 

reduce the total cost in the real-time operational simulation in the operational layer. The huge difference 

between the prediction power and the real power as shown in Figure 25, Figure 26, and Figure 27 leads 

to a non-optimal power management results in the real-time operational layer. However, the low 

difference between the operational results and ideal operational results, which represent the perfect 

optimization reference, shows that the defined optimization work well. 

In order to give better evidence to prove the effectiveness of the optimization and real-time power 

management strategy, other two weather data are applied in the grid-connected DC microgrid. 

The simulation results for grid-connected mode on June 20th 2018 are shown in Table 7. 

Table 7. Results summary for grid-connected mode on June 20th 2018. 

Day-ahead optimization NO 

Condition in real-time simulation 1=Dk  0.5=Dk  0=Dk  

The sum of BSC  and GC  (c€) 19.68 14.20 9.58 

_PV SC  (c€) 19.79 4.21 0 

_L DC  (c€) 133.52 143.21 155.53 

TOTALC  (c€) 172.99 161.62 165.11 

 

Table 7 bis. Results summary for grid-connected mode on June 20th 2018. 

Day-ahead optimization YES 

Condition 
MILP 

results 

Operatio

nal results 

Ideal 

MILP 

results 

Ideal 

Operational 

results 

The sum of BSC  and GC  (c€) -20.89 11.93 23.70 22.60 

_PV SC  (c€) 0 0 0 0 

_L DC  (c€) 62.09 158.51 93.75 101.15 

TOTALC  (c€) 41.20 170.44 117.45 123.74 

 

By the comparisons before, it can be seen that the total cost under the condition when Dk  equals to 

1, 0.5, or 0, and operational results is higher than the total cost under the condition of ideal operational 

results, which prove that optimization work well to reduce the total cost. And the cause of the difference 
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between the total cost under the condition of operational results and ideal operational results is the 

accuracy of PV and load power prediction has big influence on power dispatching.  

The simulation results for grid-connected mode on July 16th 2018 is shown in Table 8. 

By the comparisons before, it can be seen that the total cost under the condition of ideal operational 

results less than the other results, meaning that the power optimization can work and reduce the total 

cost of microgrid. And, the operational results is worse than the ideal operational results mostly by the 

reason of the bad accuracy of PV power prediction, which is also the reason why the total cost under the 

condition when Dk  equals to 1, 0.5, or 0, and operational results is more than the total cost under the 

condition of ideal operational results. 

Table 8. Results summary for grid-connected mode on July 16th 2018. 

Day-ahead optimization NO 

Condition in real-time simulation 1=Dk  0.5=Dk  0=Dk  

The sum of BSC  and GC  (c€) 26.58 24.76 22.84 

_PV SC  (c€) 0 0 0 

_L DC  (c€) 479.90 475.73 483.93 

TOTALC  (c€) 506.48 500.49 506.77 

 

Table 8 bis. Results summary for grid-connected mode on July 16th 2018. 

Day-ahead optimization YES 

Condition 
MILP 

results 

Operatio

nal results 

Ideal 

MILP 

results 

Ideal 

Operational 

results 

The sum of BSC  and GC  (c€) 39.76 22.85 32.74 30.96 

_PV SC  (c€) 0 0 0 0 

_L DC  (c€) 606.59 483.83 438.90 450.81 

TOTALC  (c€) 646.36 506.68 471.64 481.77 

 

In conclusion, the real-time power management in the operational layer without the economics 

optimization in the economics dispatching layer cannot achieve the purpose of the optimal real-time 

power management. The accuracy of PV and load power predictions has big influence on the economics 

optimization. In particular, the uncertainty of weather will lead to uncertainty in the results of economic 

optimization because PV power generation highly depends on the weather condition. The economics 
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optimization in the economics dispatching layer can reduce the total cost of the power flow of DC 

microgrid in grid-connected mode considering the increased accuracy of PV and load power prediction.  

III.1.3. Off-grid simulation for 9 hours' duration 

To solve the off-grid optimization problem of the economic dispatching, the MILP solver is applied. 

The weather data set from the same three different days, i.e. May 8th 2018, June 20th 2018, and July 16th 

2018, introduced in III.1.1, are used. The load power and load prediction power has been provided in 

III.1.1. The tariff of every electrical component in the grid-connected mode has been given in III.1.1. 

The off-grid DC microgrid parameters used for the optimization dispatch layer are presented in 

Table 9. 

Table 9. Parameters for optimization in off-grid mode. 

Parameters Values Parameters Values 

_BS MAXP  1000W _DG MAXP  1500W 

_BS MINSOC  20% _ _DG ON MAXP  (0,
_DG MAXP ] 

_BS MAXSOC  80% _ _DG ON MINP  (0, 
_ _DG ON MAXP ] 

_ 0BSSOC  50% DGdt  1200s 

REFC  6.6Ah _L CRITk  80% 

_PV STCP  1750W   

 

In Table 9, the parameters of the BS and PV are the same as the parameters in the grid-connected 

mode; there is no parameter about SC in the optimization because the SC is not considered; the duty 

cycle of the DG is fixed as 1200s to be simplified according to the time constraints of the DG start-up 

and turning off. In the optimization of the economics dispatching layer, the DG power is limited between 

_ _DG ON MINP  and 
_ _DG ON MAXP  when the DG is turned on. The 

_ _DG ON MAXP  is chosen between 0 and 

_DG MAXP , the 
_ _DG ON MINP  is chosen between 0 and 

_ _DG ON MAXP . The 
_L CRITk  is set as 80% to provide the 

condition for turning on the DG.  

The parameters 
_ _DG ON MINP  and 

_ _DG ON MAXP  are very important in the economics dispatching layer, 

which give a big influence on the optimization results, the appropriate 
_ _DG ON MINP  and 

_ _DG ON MAXP  do 

not mean the lowest total cost of the optimization results in the economics dispatching layer, which 

actual means that the optimization results in the economics dispatching layer can give the best schedule 

for future power management in the real-time operational layer, in other word the power management 

in the real-time operational layer can achieve the lowest total cost  by using optimization results in the 

economics dispatching layer. However, it is uncertainty and not easy to find the appropriate 
_ _DG ON MINP  
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and 
_ _DG ON MAXP  because the problem formulation in the economics dispatching layer is simple due to 

the computation and the accuracy of power prediction is not so high. Thus, we assumed that the 

appropriate 
_ _DG ON MINP  and 

_ _DG ON MAXP  are the values when the total cost of optimization results in the 

economics dispatching layer is the lowest.  

In order to choose the appropriate 
_ _DG ON MINP  and 

_ _DG ON MAXP , we make two assumptions; one is 

to assume that 
_ _DG ON MINP  equals to 

_ _DG ON MAXP , and to take the 
_ _DG ON MINP  and 

_ _DG ON MAXP  when the 

lowest total cost appears as the appropriate value; the other is to assume that 
_ _DG ON MINP  does not equal 

to 
_ _DG ON MAXP , and the appropriate 

_ _DG ON MINP  and 
_ _DG ON MAXP  appear when the lowest total cost 

happens based on the range at the middle of the appropriate 
_ _DG ON MINP  of the assumption 1. 

Based on the two assumptions above, we propose to use a simple method to determine the two values, 

_ _DG ON MAXP  and 
_ _DG ON MINP  in two ways, a constant DG power and a range of DG power. There are 

two steps in this method; firstly, to search the appropriate constant DG power value in the DG’s power 

range between 0 and 
_DG MAXP ; secondly, to search the appropriate power range of DG by using the 

appropriate constant DG power value above as the middle value.  

For example, to find the appropriate constant DG power and the range of DG power on May 8th 

2018, firstly, to set the 
_ _DG ON MAXP  and 

_ _DG ON MINP  to be the same values based on the assumption 1, 

the 
_ _DG ON MAXP  and 

_ _DG ON MINP  can change from 0 W to 
_DG MAXP  based on the step 50 W, then to solve 

these optimization problems, to take the constant value while the minimum total price is achieved as the 

appropriate constant DG power value, 800W is the appropriate constant DG power shown in Figure 43; 

secondly, to solve several optimization problems based on the power range between 
_ _DG ON MAXP  and 

_ _DG ON MINP  widen with 800W as the center value, to take the first range while the minimum total price 

appears as the appropriate power range for the DG, the range from 300W to 1300W is the appropriate 

power range on May 8th 2018 in Figure 44.  

In Figure 43, it can be seen that the constant DG power is chosen from the 0 to 
_DG MAXP , only the 

“Optimal” and “OptimalTol” solution of the optimization results in the economics dispatching layer is 

shown, so from results in Figure 43, it is sure that the lowest total cost appears when the constant DG is 

800W, thus 800W are considered as the appropriate constant DG power. 
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Figure 43. The total cost with constant DG power at off-grid mode on May 8th 2018. 

 

Figure 44. The total cost with variable DG power at off-grid mode on May 8th 2018. 

In Figure 44, it can be seen that the variable DG power is chosen at middle of the appropriate 

constant DG power, only the “Optimal” and “OptimalTol” solution of the optimization results in the 

economics dispatching layer are shown, so from results in Figure 36, it is sure that the lowest total cost 

appears when the variable DG is from 300W to 1300W, thus we take the range from 300W to 1300W 

as the appropriate variable DG power. According to the same method depicted on the weather data on 

May 8th 2018, the appropriate constant power on June 20th 2018 is 200W in Figure 45; the appropriate 

power range on June 20th 2018 is from 150W to 250W in Figure 46.  
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Figure 45. The total cost with constant DG power at off-grid mode on June 20th 2018. 

In Figure 45, it can be seen that the constant DG power is chosen from the 0 to 
_DG MAXP , only the 

“Optimal” and “OptimalTol” solution of the optimization results in the economics dispatching layer is 

shown, so from results in Figure 45, it is sure that the lowest total cost appears when the constant DG is 

200W, thus 200W are considered as the appropriate constant DG power. 

 

Figure 46. The total cost with variable DG power at off-grid mode on June 20th 2018. 

In Figure 46, it can be seen that the variable DG power is chosen at middle of the appropriate 

constant DG power, only the “Optimal” and “OptimalTol”  solution of the optimization results in the 

economics dispatching layer are shown, so from results in Figure 46, it is sure that the lowest total cost 

appears when the variable DG is from 150W to 250W, thus we take the range from 150W to 250W as 

the appropriate variable DG power. According to the same method depicted on the weather data on May 

8th 2018, the appropriate constant power on July 16th 2018 is 900W in Figure 47; the appropriate power 

range on July 16th 2018 is from 600W to 1200W in Figure 48. 
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Figure 47. The total cost with constant DG power at off-grid mode on July 16th 2018. 

In Figure 47, it can be seen that the constant DG power is chosen from the 0 to 
_DG MAXP , only the 

“Optimal” and “OptimalTol” solution of the optimization results in the economics dispatching layer is 

shown, so from results in Figure 39, it is sure that the lowest total cost appears when the constant DG is 

900W, thus 900W are considered as the appropriate constant DG power. 

 

Figure 48. The total cost with variable DG power at off-grid mode on July 16th 2018. 

In Figure 48, it can be seen that the variable DG power is chosen at middle of the appropriate 

constant DG power, only the “Optimal” and “OptimalTol” solution of the optimization results in the 

economics dispatching layer is shown, so from results in Figure 48, it is sure that the lowest total cost 

appears when the variable DG is from 600W to 1200W, thus we take the range from 600W to 1200W 

as the appropriate variable DG power.   

The off-grid DC microgrid parameters used for the operational algorithm of the operational layer is 

presented in Table 10. 
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Table 10. Parameters for operational algorithm in off-grid mode. 

Parameters Values Parameters Values 

_BS MAXP  1000W _SC Ratedv  75V 

_BS MINSOC  20% _ _SC MAX MAXSOC  85% 

_BS MAXSOC  80% _ _SC MAX MINSOC  75% 

_ 0BSSOC  50% _ _SC MIN MAXSOC  45% 

REFC  6.6Ah _ _SC MIN MINSOC  35% 

_PV STCP  1750W _ 0SCSOC  75% 

*

DCv  400V _DG MAXP  1500W 

_SC MAXP  1500W _ _DG ON MAXT  3600s 

_SC MINT  180s _ _DG OFF LIMT  1200s 

SCC  94F _L CRITk  80% 

 

In Table 10, the detailed SC and DG parameters are be set; the function of SC is to compensate the 

power deficiency while DG start-up, so the maximum limits of SC and DG are the same; the voltage of 

DC bus is introduced as 400 V to make DC power exchanged in microgrid efficient by reducing the 

power loss in a power transmission, the 
_L CRITk  is introduced to limit the load power more than 80% of 

_L Dp . 

III.1.3.1. Optimization results 

The day-ahead economics optimization results for May 8th 2018 by using PV and load prediction 

power profiles under the appropriate constant DG power 800W are shown in Figure 49 and Figure 50.  
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Figure 49. The day-ahead economics optimization results ( DGk ) and BS SOC curves at off-grid mode 

on May 8th 2018. 

 

Figure 50. The day-ahead economics optimization results of power curves at off-grid mode on May 8th 

2018. 

In Figure 49 and Figure 50, the PV and load prediction power profiles are used, the day-ahead 

optimization results are shown under the appropriate constant DG power; in the beginning of the 

optimization results, the PV power is less than the load demand power, the DG is turned on to supply 

the load demand power, and the BS is charging by the rest of the DG power due to the DG operating at 

the constant power in the duty cycle; at 9:00, the DG is turned off, the BS is discharging to support the 

load demand power; then the DG is turned on at 9:40; from 10:00 to 16:00, the PV power is close to the 

load demand, the DG is turned on at 11:20 to support the microgrid and the BS can be charging and 

discharging; at the end of the optimization, the PV power is more than the load demand power, so the 
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DG is always off, at the same time, the BS can be charging; when the BSsoc  reaches 
_BS MAXSOC , the 

PV shedding happens to keep the power balance of the microgrid.  

The day-ahead economics optimization results on May 8th 2018 by using PV and load prediction 

power profiles under the appropriate DG power range from 300W to 1300W are shown in Figure 51 and 

Figure 52. In Figure 51 and Figure 52, the PV and load prediction power profiles are used, the day-

ahead optimization results are shown under the appropriate DG power range; at the beginning of the 

optimization results, the PV power is less than the load demand power, the DG is turned on to supply 

the load demand power and the BS in the duty cycle; at 8:20, the DG is turned off, the BS is discharging 

to support the load demand power; then the DG is turned on at 8:40 and 9:40; from 10:00 to 16:00, the 

PV power is close to the load demand, the DG is turned on at 11:40 to support the microgrid and the BS 

can be charging and discharging; at the end of the optimization, the PV power is more than the load 

demand power, so the DG is always off, at the same time, the BS can be charging; when the BSsoc  

reaches 
_BS MAXSOC , the PV shedding happens to keep the power balance of the microgrid.  

 

Figure 51. The day-ahead economics optimization results ( DGk ) and BS SOC curves at off-grid mode 

on May 8th 2018. 
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Figure 52. The day-ahead economics optimization results of power curves at off-grid mode on May 8th 

2018. 

The ideal economics optimization results on May 8th 2018 by using real PV and load power profiles 

under the appropriate constant DG power 700W are shown in Figure 53 and Figure 54.  

 

Figure 53. The ideal economics optimization results ( DGk ) and BS SOC curves at off-grid mode on 

May 8th 2018. 

In Figure 53 and Figure 54, the real PV and load power profiles are used, the ideal day-ahead 

optimization results are shown under the appropriate constant DG power; in the beginning of the 

optimization results, the PV power is less than the load demand power, the DG is turned on to supply 

the load demand power and the BS at the constant power in the duty cycle; at 8:20, the DG is turned off, 

the BS is discharging to support the load demand power; then the DG is turned on at 9:00; from 10:00 

to 16:00, the PV power is close to the load demand, the DG is turned on at 11:40 to support the microgrid 

and the BS can be charging and discharging; at the end of the optimization, the PV power is more than 
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the load demand power, so the DG is always off, at the same time, the BS can be charging; when the 

BSsoc  reaches 
_BS MAXSOC , the PV shedding happens to keep the power balance of the microgrid.  

 

Figure 54. The ideal economics optimization results of power curves at off-grid mode on May 8th 

2018. 

The ideal economics optimization results on May 8th 2018 by using real PV and load power profiles 

under the appropriate DG power range from 650W to 750W are shown in Figure 55 and Figure 56.  

 

Figure 55. The ideal economics optimization results ( DGk ) and BS SOC curves at off-grid mode on 

May 8th 2018. 
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Figure 56. The ideal economics optimization results of power curves at off-grid mode on May 8th 

2018. 

In Figure 55 and Figure 56, the real PV and load power profiles are used, the ideal day-ahead 

optimization results are shown under the appropriate DG power range; at the beginning of the 

optimization results, the PV power is less than the load demand power, the DG is turned on to supply 

the load demand power and the BS in the duty cycle; at 8:20, the DG is turned off, the BS is discharging 

to support the load demand power; then the DG is turned on at 9:00; from 10:00 to 16:00, the PV power 

is close to the load demand, the DG is turned on at 11:40 to support the microgrid and the BS can be 

charging and discharging; at the end of the optimization, the PV power is more than the load demand 

power, so the DG is always off, at the same time, the BS can be charging; when the BSsoc  reaches 

_BS MAXSOC , the PV shedding happens to keep the power balance of the microgrid.  

III.1.3.2. Real-time simulation results 

The following results consider the real-time simulation results of the operational layer. In order to 

validate the effectiveness of the day-ahead optimization, the real-time simulation result by using the 

day-ahead optimization will be compared with the real-time simulation result without considering the 

day-ahead optimization results. 

III.1.3.2.1 Real-time result without optimization 

Without considering the day-ahead optimization results, the cases under the power management 

strategy proposed in II.5.2.1. should be used, which are also the special cases in II.5.2.2. when DGk  equal 

to 0. The cases when DGk  equal to 1 have no meaning because the DG is always turned on in the duty 

cycle. 

The results when DGk  equal to 0 are shown in Figure 57 and Figure 58. 
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Figure 57. DC bus voltage and BS SOC  curves when DGk  = 0 at off-grid mode on May 8th 2018. 

 

Figure 58. Power curves when DGk  = 0 in off-grid mode on May 8th 2018. 

In Figure 57 and Figure 58, the DG and BS are the controllable sources to support the microgrid, 

the SC is only used to compensate the start-up of the DG, the BS has higher priority than the DG to 

compensate the power difference between 
_PV MPPTp  and 

_L Dp . In the beginning of the optimization 

results, the PV power is less than the load demand power, the BS has the higher priority to supply the 

load demand power; when the BSsoc  reaches 
_BS MINSOC , the non-critical load can shed, if the critical 

need to be shed, the DG is turned on to supply the load demand power and charge the SC and BS at 

8:20; from 10:00 to 16:00, the PV power is close to the load demand, the DG supports the microgrid at 

10:50 and the BS can be charging and discharging, the SC is recharging at 10:35, 12:55 and 14:05 to 

keep enough power to support the DG start-up; at the end of the optimization, the PV power is more 
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than the load demand power, so the BS is charging by the excess PV power; when the BSsoc  reaches 

_BS MAXSOC , the PV shedding can happen to keep the power balance of the microgrid.  

III.1.3.2.2 Real-time results with day-ahead optimization 

Considering the day-ahead optimization results, the cases under the power management strategy 

proposed in II.5.2.2. should be used. The optimization coefficient Dk  can introduce the day-ahead 

optimization results in the economic dispatching layer. There are two real-time operational simulations 

by using the day-ahead economics optimization results under the appropriate constant DG power and 

the appropriate DG power range showing following; in the same time, there are two real-time operational 

simulations by using the ideal economics optimization results under the appropriate constant DG power 

and the appropriate DG power range showing following. 

The real-time operational simulation results of the DC microgrid by using the day-ahead economics 

optimization results under the appropriate constant DG power are shown in Figure 59 and Figure 60. 

In Figure 59 and Figure 60, the day-ahead economics optimization results under the appropriate 

constant DG power are introduced in the real-time operational layer, it can be seen that the DG is turned 

on five times. At the end of the real-time simulation, the DG is off, the BS is charging to reach 

_BS MAXSOC  , and PV shedding happens because of the high PV power.  

 

Figure 59. The actual results of DC bus voltage and BS SOC  curves at off-grid mode on May 8th 

2018. 
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Figure 60. The actual results of power curves at off-grid mode on May 8th 2018. 

The real-time operational simulation results of the DC microgrid by using the day-ahead economics 

optimization results under the appropriate DG power range are shown in Figure 61 and Figure 62. In 

Figure 61 and Figure 62, the day-ahead economics optimization results under the appropriate DG power 

range are introduced in the real-time operational layer, it can be seen that the DG is turned on four times. 

At the end of the real-time simulation, the DG is off, the BS is charging to reach 
_BS MAXSOC  , and PV 

shedding happens because of the high PV power.  

 

Figure 61. The actual results of DC bus voltage and BS SOC curves at off-grid mode on May 8th 2018. 
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Figure 62. The actual results of power curves at off-grid mode on May 8th 2018. 

To compare the two cases before, it can be seen that the results under the appropriate DG power 

range is better than the results under the appropriate constant DG power in the point of load demand. 

The real-time operational simulation results of the DC microgrid by using the ideal economics 

optimization results under the appropriate constant DG power are shown in Figure 63 and Figure 64. 

In Figure 63 and Figure 64, the ideal economics optimization results under the appropriate constant 

DG power are introduced in the real-time operational layer, it can be seen that the DG is turned on three 

times. At the end of the real-time simulation, the DG is off, the BS is charging to reach 
_BS MAXSOC , and 

PV shedding happens because of the high PV power. In the simulation results, there almost no PV 

shedding. 

 

Figure 63. The ideal results of DC bus voltage and BS SOC curves at off-grid mode on May 8th 2018. 
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Figure 64. The ideal results of power curves at off-grid mode on May 8th 2018. 

The real-time operational simulation results of the DC microgrid by using the ideal economics 

optimization results under the appropriate DG power range are shown in Figure 65 and Figure 66.  

In Figure 65 and Figure 66, the ideal economics optimization results under the appropriate DG power 

range are introduced in the real-time operational layer, it can be seen that the DG is turned on three 

times. At the end of the real-time simulation, the DG is off, the BS is charging to reach 
_BS MAXSOC  , and 

PV shedding happens because of the high PV power. In the simulation results, there almost no PV 

shedding. 

 

Figure 65. The ideal results of DC bus voltage and BS SOC curves at off-grid mode on May 8th 2018. 
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Figure 66. The ideal results of power curves at off-grid mode on May 8th 2018. 

To compare the two real-time operational results above, the power by using the ideal economics 

optimization results can be more appropriately managed than the power by using the real economics 

optimization results because there is no power prediction difference between the ideal economics 

optimization results and real-time operational results and the real power profiles are used to replace the 

prediction power profiles in the ideal economics optimizaiton. 

III.1.3.3. Off-grid simulation results comparison and analysis  

Now, it is necessary to give a table that lists the cost of every component from the above simulation 

results including the optimization results in III.1.3.1. and the real-time operational results in III.1.3.2. 

The simulation results for off-grid mode on May 8th 2018 is shown in Table 11. 
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Table 11. Results summary for off-grid mode on May 8th 2018. 

Day-ahead 

optimization 
NO YES 

  Constant DG Variable DG 

Condition kDG=0 
MILP 

results 

Operati

onal results 

Ideal 

MILP 

results 

Ideal 

Operationa

l results 

GC  (c€) 6.87 2.94 6.92 2.94 7.54 

_PV SC  (c€) 28.53 28.08 28.31 28.08 28.78 

_L DC  (c€) 28.09 19.68 19.16 0 4.84 

DGC  (c€) 102.48 264.55 109.66 256.68 124.27 

SCC  (c€) 1.71 -- 1.81 -- 1.78 

TOTALC  (c€) 167.69 315.27 165.87 287.71 167.23 

 

Table 11 bis. Results summary for off-grid mode on May 8th 2018. 

Day-ahead optimization YES 

 Constant DG Variable DG 

Condition 

Ideal 

MILP 

results 

Ideal 

Operational 

results 

Ideal 

MILP 

results 

Ideal 

Operational 

results 

GC  (c€) 2.00 7.63 2.00 7.63 

_PV SC  (c€) 31.43 28.07 31.43 28.07 

_L DC  (c€) 2.87 0.01 0 0.01 

DGC  (c€) 146.59 127.58 148.50 127.58 

SCC  (c€) -- 1.84 -- 1.84 

TOTALC  (c€) 182.90 165.15 181.94 165.15 

 

In Table 11, there are nine conditions listing. The condition when DGk  equals to 0 is the real-time 

simulation result in the operational layer. The conditions of ideal MILP results and ideal operational 

results are respectively the ideal optimization results in the economics dispatching layer and the real-

time simulation results in the operational layer by using real recorded PV and load power profiles to 

ignore the power prediction accuracy. The conditions of MILP results and operational results are 

respectively the day-ahead optimization results in the economics dispatching and real-time simulation 
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results in the operational layer by using the real PV and load prediction power profiles. The appropriate 

constant DG power and DG power range are considered in the simulation. 

By the comparisons in Table 11, it can be seen that the total cost under the condition when DGk  

equals to 0, and operational results is higher than the total cost under the condition of ideal operational 

results because the accuracy of PV and load power prediction has a big influence on power dispatching. 

The total cost under the condition of operational results is less than the total cost under the condition 

when DGk  equals to 0, which can give a positive proof that the optimization in the economics dispatching 

layer can make a good function to reduce the total cost in the real-time operational simulation in the 

operational layer. The total cost with variable DG power is less than the results with constant DG power 

under the condition of MILP results due to the loose constraints for DG power. What’s more, the total 

cost under the condition of operational results by using appropriate DG power range is greater than the 

total cost under the condition of operational results by using appropriate constant DG power, because 

there is more power from the DG to support the microgrid and the load shedding power is reduced under 

the condition of operational results by using appropriate DG power range. 

In order to give better evidence to prove the effectiveness of the optimization and real-time power 

management strategy, other two weather data are applied in the off-grid DC microgrid. 

The simulation results for off-grid mode on June 20th 2018 are shown in Table 12. 

Table 12. Results summary for off-grid mode on June 20th 2018. 

Day-ahead 

optimization 
NO YES 

  Constant DG Variable DG 

Condition kDG=0 
MILP 

results 

Operatio

nal results 

MILP 

results 

Operati

onal results 

GC  (c€) 13.54 2.45 14.15 2.45 14.15 

_PV SC  (c€) 96.54 227.79 86.31 227.63 86.31 

_L DC  (c€) 0.77 0 6.75 0 6.75 

DGC  (c€) 243.50 28.75 238.48 28.62 238.48 

SCC  (c€) 1.99 -- 2.06 -- 2.06 

TOTALC  (c€) 356.36 259.00 347.77 258.71 347.77 

 

  



-105/206- 

 

Table 12 bis. Results summary for off-grid mode on June 20th 2018. 

Day-ahead optimization YES 

 Constant DG Variable DG 

Condition 

Ideal 

MILP 

results 

Ideal 

Operational 

results 

Ideal 

MILP 

results 

Ideal 

Operational 

results 

GC  (c€) 7.03 13.14 7.61 13.80 

_PV SC  (c€) 100.69 111.41 70.99 117.34 

_L DC  (c€) 0 6.65 0. 17 6.23 

DGC  (c€) 293.59 258.95 248.71 265.41 

SCC  (c€) -- 2.21 -- 2.19 

TOTALC  (c€) 401.31 392.37 327.49 404.99 

 

By the comparisons in Table 12, the total cost under the condition when DGk  equals to 0, and 

operational results is less than the total cost under the condition of ideal operational results which is 

different from the results on May 8th 2018 because the variation of the ideal PV power is so violent 

compared to the variation of the PV power prediction that the DG is turned on too often. The total cost 

under the condition of operational results is less than the total cost under the condition when DGk  equals 

to 0, which can give a positive proof that the optimization in the economics dispatching layer can make 

a good function to reduce the total cost in the real-time operational simulation in the operational layer. 

The total cost with variable DG power is less than the results with constant DG power under the 

condition of MILP results due to the loose constraints for DG power. What’s more, the total cost under 

the condition of ideal operational results is greater than the total cost under the condition of operational 

results, because the DG supports more power to the microgrid and the load shedding power is reduced 

under the condition of ideal operational results. 

The simulation results for off-grid mode on July 16th 2018 is shown in Table 13.  
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Table 13. Results summary for off-grid mode on July 16th 2018. 

Day-ahead 

optimization 
NO YES 

  Constant DG Variable DG 

Condition kDG=0 
MILP 

results 

Operatio

nal results 

MILP 

results 

Operati

onal results 

GC  (c€) 23.08 0.10 24.38 0.98 24.40 

_PV SC  (c€) 22.00 18.48 26.95 0 21.54 

_L DC  (c€) 59.65 26.40 27.07 0 25.76 

DGC  (c€) 611.00 969.00 640.22 931.46 661.10 

SCC  (c€) 2.19 -- 2.31 -- 2.61 

TOTALC  (c€) 717.94 1013.99 720.95 932.45 735.42 

 

Table 13 bis. Results summary for off-grid mode on July 16th 2018. 

Day-ahead optimization YES 

 Constant DG Variable DG 

Condition 

Ideal 

MILP 

results 

Ideal 

Operational 

results 

Ideal 

MILP 

results 

Ideal 

Operational 

results 

GC  (c€) 3.89 24.32 4.05 24.32 

_PV SC  (c€) 11.09 0 0 0 

_L DC  (c€) 0 33.25 0 33.25 

DGC  (c€) 740.52 612.80 730.72 612.80 

SCC  (c€) -- 2.56 -- 2.56 

TOTALC  (c€) 755.52 672.96 734.78 672.96 

By the comparisons in Table 13, it can be seen that the total cost under the condition when DGk  

equals to 0, and operational results is higher than the total cost under the condition of ideal operational 

results because the accuracy of PV and load power prediction has a big influence on power dispatching. 

The total cost under the condition of operational results is less than the total cost under the condition 

when DGk  equals to 0, which can give a positive proof that the optimization in the economics dispatching 

layer can make a good function to reduce the total cost in the real-time operational simulation in the 

operational layer. The total cost with variable DG power is less than the results with constant DG power 

under the condition of MILP results due to the loose constraints for DG power. What’s more, the total 

cost under the condition of operational results by using appropriate DG power range is greater than the 
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total cost under the condition of operational results by using appropriate constant DG power, because 

there is more power from the DG to support the microgrid and the load shedding power is reduced under 

the condition of operational results by using appropriate DG power range. 

In conclusion, the real-time power management in the operational layer without the economics 

optimization in the economics dispatching layer cannot achieve the purpose of the optimal real-time 

power management. The accuracy of PV and load power predictions has a big influence on the 

economics optimization. In particular, the uncertainty of weather will lead to uncertainty in the results 

of economic optimization. Especially, the total cost becomes more sensitive to the weather condition in 

the off-grid mode because the high tariff of DG leads to a high total cost. The economics optimization 

in the economics dispatching layer can reduce the total cost of the power flow of DC microgrid and 

reduce the load shedding power in off-grid mode.  

III.1.4. Full microgrid simulation for 9 hours’ duration 

To solve the full microgrid optimization problem of the economic dispatching, the MILP solver is 

applied. The weather data set from three different days, May 8th 2018, June 20th 2018, and July 16th 2018 

under different weather conditions have been introduced in III.1.1. The load power and load prediction 

power has been provided in III.1.1. The tariff of every electrical component in the full microgrid mode 

has been given in III.1.1. 

The full DC microgrid parameters used for the optimization dispatch layer are presented in Table 

14. 

Table 14. Parameters for optimization at full microgrid mode. 

Parameters Values Parameters Values 

_BS MAXP  1000W _DG MAXP  1500W 

_BS MINSOC  20% _ _DG ON MAXP  (0,
_DG MAXP ] 

_BS MAXSOC  80% _ _DG ON MINP  
(0,

_ _DG ON MAXP ] 

_ 0BSSOC  50% DGdt  1200s 

REFC  6.6Ah _L CRITk  80% 

_PV STCP  1750W _GF LimitP  20W / s 

_G MAXP  200W   

In Table 14, the parameters are the same as the parameters in the economics dispatching layer of the 

grid-connected and off-grid mode above. The DG power limited between 
_ _DG ON MINP  and 

_ _DG ON MAXP  

when the DG is turned on is the same as the constraints in the economics dispatching layer of the off-
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grid mode. The 
_ _DG ON MAXP  is chosen between 0 and 

_DG MAXP , the 
_ _DG ON MINP  is chosen between 0 and 

_ _DG ON MAXP . The 
_L CRITk  is set as 80% to provide the condition for turning on the DG.  

The calculation of the parameters 
_ _DG ON MINP  and 

_ _DG ON MAXP  are the same as the parameters in the 

economics dispatching layer of the off-grid mode. Thus, the appropriate 
_ _DG ON MINP  and 

_ _DG ON MAXP  

power can be got as the same method depicted in the economics dispatching layer of the off-grid mode 

The full DC microgrid parameters used for the operational algorithm of the operational layer is 

presented in Table 15. 

Table 15. Parameters for the operational algorithm at full microgrid mode. 

Parameters Values Parameters Values 

_BS MAXP  1000W _SC Ratedv  75V 

_BS MINSOC  20% _ _SC MAX MAXSOC  85% 

_BS MAXSOC  80% _ _SC MAX MINSOC  75% 

_ 0BSSOC  50% _ _SC MIN MAXSOC  45% 

REFC  6.6Ah _ _SC MIN MINSOC  35% 

_PV STCP  1750W _ 0SCSOC  75% 

*

DCv  400V _DG MAXP  1500W 

_SC MAXP  1500W _ _DG ON MAXT  3600s 

_SC MINT  180s _ _DG OFF LIMT  1200s 

SCC  94F _L CRITk  80% 

_G MAXP  200W   

 

In Table 15, the parameters are the same as the parameters in the operational layer of the grid-

connected and off-grid mode above. 

III.1.4.1. Optimization results 

The day-ahead economics optimization results on May 8th 2018 by using PV and load prediction 

power profiles under the appropriate constant DG power 1050W are shown in Figure 67 and Figure 68.  
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Figure 67. The day-ahead economics optimization results ( Dk , DGk ) and BS SOC curves at full 

microgrid mode on May 8th 2018. 

 

Figure 68. The day-ahead economics optimization results of power curves at full microgrid mode on 

May 8th 2018. 

In Figure 67 and Figure 68, the PV and load prediction power profiles are used, the day-ahead 

optimization results are shown under the appropriate constant DG power; at the beginning of the 

optimization results, the PV power is less than the load demand power, the DG is turned on to supply 

the load demand power, and the BS is charging by the rest of the DG power due to the DG operating at 

the constant power in the duty cycle; at 8:20, the DG is turned off, the BS and the public grid provide 

power to support the load demand power; then the DG is turned on at 8:40; from 10:00 to 16:00, the PV 

power is close to the load demand, the BS can be charging and discharging and the public grid can sell 

and buy power from the microgrid; at the end of the optimization, the PV power is more than the load 
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demand power, and the public grid can buy power from the microgrid, the microgrid can keep the power 

balance.  

The day-ahead economics optimization results on May 8th 2018 by using PV and load prediction 

power profiles under the appropriate DG power range from 1000W to 1100W are shown in Figure 69 

and Figure 70.  

 

Figure 69. The day-ahead economics optimization results ( Dk , DGk ) and BS SOC curves at full 

microgrid mode on May 8th 2018. 

 

Figure 70. The day-ahead economics optimization results of power curves at full microgrid mode on 

May 8th 2018. 

In Figure 69 and Figure 70, the PV and load prediction power profiles are used, the day-ahead 

optimization results are shown under the appropriate DG power range, which is almost the same as the 
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results in Figure 67 and Figure 68. The power values of the DG are not the same, and the variation of 

the DGk  in the period from 13:00 to 14:00 is not the same.  

The ideal economics optimization results on May 8th 2018 by using real PV and load power profiles 

under the appropriate constant DG power 350W are shown in Figure 71 and Figure 72.  

 

Figure 71. The ideal economics optimization results ( Dk , DGk ) and BS SOC curves at full microgrid 

mode on May 8th 2018. 

 

Figure 72. The ideal economics optimization results of power curves at full microgrid mode on May 

8th 2018. 

In Figure 71 and Figure 72, the real PV and load power profiles are used, the ideal day-ahead 

optimization results are shown under the appropriate constant DG power; at the beginning of the 

optimization results, the PV power is less than the load demand power, the DG is turned on to supply 

the load demand power and the BS at the constant power in the duty cycle; at 8:20, the DG is turned off, 
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then the BS is discharging and the public grid is selling power to support the load demand power; from 

10:00 to 16:00, the PV power is close to the load demand, the BS can be charging and discharging, and 

the public grid can sell and buy power from the microgrid, and there is a little load power shedding; at 

the end of the optimization, the PV power is more than the load demand power, so the DG is always off, 

at the same time, the BS can be charging, the microgrid can sell power to the public grid.  

The ideal economics optimization results on May 8th 2018 by using real PV and load power profiles 

under the appropriate DG power range from 300W to 400W are shown in Figure 73 and Figure 74.  

 

Figure 73. The ideal economics optimization results ( Dk , DGk ) and BS SOC curves at full microgrid 

mode on May 8th 2018. 

 

Figure 74. The ideal economics optimization results of power curves at full microgrid mode on May 

8th 2018. 
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In Figure 73 and Figure 74, the real PV and load power profiles are used, the ideal day-ahead 

optimization results are shown under the appropriate DG power range, which is almost the same as the 

results in Figure 71 and Figure 72. The difference is the PV shedding at noon which does not happen in 

Figure 73 and Figure 74. 

III.1.4.2. Real-time simulation results 

The following simulation would consider the real-time simulation results of the operational layer. 

In order to validate the effectiveness of the day-ahead optimization, the real-time simulation result by 

using the day-ahead optimization will be compared with the real-time simulation result without 

considering the day-ahead optimization results. 

III.1.4.2.1 Real-time result without optimization 

Without considering the day-ahead optimization results, the cases under the power management 

strategy proposed in II.5.3.1. should be used, which are also special cases in II.5.3.2. when Dk  equal to 

1 and DGk  equal to 0. Thus, in order to give a better comparison, the cases when Dk  equal to 0.5, or 0 

and DGk  equal to 0 are also simulated. The results when Dk  equal to 1 and DGk  equal to 0 are shown in 

Figure 75 and Figure 76. In Figure 75 and Figure 76, the public grid, the BS, and the DG are the 

controllable sources to support the microgrid, the SC is only used to compensate the start-up of the DG, 

the public grid and the BS have higher priority than the DG to compensate the power difference between 

_PV MPPTp  and 
_L Dp . The DG is turned on at 8:15. The SC is recharging at 9:45, 10:10, 10:20, 10:30, 

12:50, 13:30, 14:50, and 16:05. The load shedding happens at 10:50 and 11:20. The PV shedding 

happens at 15:50. 

 

Figure 75. DC bus voltage and BS SOC curves when Dk  = 1 and DGk  = 0 at full microgrid mode on 

May 8th 2018. 
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Figure 76. Power curves when Dk  = 1 and DGk  = 0 at full microgrid mode on May 8th 2018. 

The results when Dk  equal to 0.5 and DGk  equal to 0 are shown in Figure 77 and Figure 78. In Figure 

77 and Figure 78, the public grid, the BS, and the DG are the controllable sources to support the 

microgrid, the SC is only used to compensate the start-up of the DG, the public grid and the BS have 

higher priority than the DG to compensate the power difference between 
_PV MPPTp  and 

_L Dp . The DG 

is turned on at 8:32. The SC is recharging at 9:55, 12:45, 12:55, 13:05, 14:30, 15:05, and 16:20. There 

is no load shedding and PV shedding. 

 

Figure 77. DC bus voltage and BS SOC curves when Dk  = 0.5 and DGk  = 0 at full microgrid mode on 

May 8th 2018. 
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Figure 78. Power curves when Dk  = 0.5 and DGk  = 0 at full microgrid mode on May 8th 2018. 

The results when Dk  equal to 0 and DGk  equal to 0 are shown in Figure 79 and Figure 80. In Figure 

79 and Figure 80, the DG is turned on at 8:32; the SC is recharging at 9:55, 12:45, 12:55, 14:30, 15:05, 

and 16:20, there is no load shedding and PV shedding. 

 

Figure 79. DC bus voltage and BS SOC curves when Dk  = 0 and DGk  = 0 at full microgrid mode on 

May 8th 2018. 
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Figure 80. Power curves when Dk  = 0 and DGk  = 0 at full microgrid mode on May 8th 2018. 

III.1.4.2.2 Real-time results with day-ahead optimization 

Considering the day-ahead optimization results, the cases under the power management strategy 

proposed in II.5.3.2. should be used. The optimization coefficient Dk  and DGk  can introduce the day-

ahead optimization results in the economic dispatching layer. There are two real-time operational 

simulations by using the day-ahead economics optimization results under the appropriate constant DG 

power and the appropriate DG power range showing following; in the same time, there are two real-

time operational simulations by using the ideal economics optimization results under the appropriate 

constant DG power and the appropriate DG power range showing following. 

The real-time operational simulation results of the DC microgrid by using the day-ahead economics 

optimization results under the appropriate constant DG power are shown in Figure 81 and Figure 82. 

 

Figure 81. The actual results of DC bus voltage and BS SOC curves at full microgrid mode on May 8th 
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2018. 

 

Figure 82. The actual results of power curves at full microgrid mode on May 8th 2018. 

In Figure 81 and Figure 82, the day-ahead economics optimization results under the appropriate 

constant DG power are introduced in the real-time operational layer, it can be seen that the DG is turned 

on twice. In the rest of the real-time simulation, the DG is off, the BS is charging and discharging, the 

public is selling and buying power from the microgrid, the SC is recharging six times, and there are no 

PV shedding and load shedding.  

The real-time operational simulation results of the DC microgrid by using the day-ahead economics 

optimization results under the appropriate DG power range are shown in Figure 83 and Figure 84. 

 

Figure 83. The actual results of DC bus voltage and BS SOC  curves at full microgrid mode on May 

8th 2018. 
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Figure 84. The actual results of power curves at full microgrid mode on May 8th 2018. 

In Figure 83 and Figure 84, the day-ahead economics optimization results under the appropriate DG 

power range are introduced in the real-time operational layer, it can be seen that the DG is turned on 

twice. In the rest of the real-time simulation, the DG is off, the BS is charging and discharging, the 

public is selling and buying power from the microgrid, the SC is recharging six times, and there are no 

PV shedding and load shedding.  

To compare the two results before, it can be seen that the results under the appropriate DG power 

range are the same as the results under the appropriate constant DG power. 

The real-time operational simulation results of the DC microgrid by using the ideal economics 

optimization results under the appropriate constant DG power are shown in Figure 85 and Figure 86. 

 

Figure 85. The ideal results of DC bus voltage and BS SOC  curves at full microgrid mode on May 8th 

2018. 
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Figure 86. The ideal results of power curves at full microgrid mode on May 8th 2018. 

In Figure 85 and Figure 86, the ideal economics optimization results under the appropriate constant 

DG power are introduced in the real-time operational layer, it can be seen that the DG is turned on only 

once. In the rest of the real-time simulation, the DG is off, the BS is charging and discharging, the public 

is selling and buying power from the microgrid, the SC is recharging six times, and there are no PV 

shedding and load shedding. 

The real-time operational simulation results of the DC microgrid by using the ideal economics 

optimization results under the appropriate DG power range are shown in Figure 87 and Figure 88. 

 

Figure 87. The actual results of DC bus voltage and BS SOC  curves at full microgrid mode on May 

8th 2018. 
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Figure 88. The actual results of power curves at full microgrid mode on May 8th 2018. 

In Figure 87 and Figure 88, the ideal economics optimization results under the constant DG power 

range are introduced in the real-time operational layer, it can be seen that the DG is also turned on only 

once. In the rest of the real-time simulation, the DG is off, the BS is charging and discharging, the public 

is selling and buying power from the microgrid, the SC is recharging six times, and there are no PV 

shedding and load shedding. 

To compare the two results before, it also can be seen that the results under the appropriate DG 

power range are the same as the results under the appropriate constant DG power. 

III.1.4.3. Full microgrid simulation results comparison and analysis  

Now, it is necessary to give a table that lists the cost of every component from the above simulation 

results including the optimization results in III.1.4.1. and the real-time operational results in III.1.4.2. 

The simulation results for full microgrid mode on May 8th 2018 is shown in Table 16. 

In Table 16, there are eleven conditions listing. The condition when DGk  equals to 0 and  Dk  equals 

to1, 0.5 or 0 are the real-time simulation results in the operational layer. The conditions of ideal MILP 

results and ideal operational results are respectively the ideal optimization results in the economics 

dispatching layer and the real-time simulation results in the operational layer by using real recorded PV 

and load power profiles to replace the PV and load power profile to ignore the power prediction accuracy. 

The conditions of MILP results and operational results are respectively the day-ahead optimization 

results in the economics dispatching and real-time simulation results in the operational layer by using 

the real PV and load prediction power profiles. The appropriate constant DG power and DG power range 

are considered in the simulation. 
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By the comparisons in Table 16, it can be seen that the total cost under the condition when DGk  

equals to 0 and  Dk  equals to1, 0.5 or 0, and operational results is higher than the total cost under the 

condition of ideal operational results, because the accuracy of PV and load power prediction has a big 

influence on power dispatching. The total cost under the condition of operational results is less than the 

total cost under the condition when DGk  equals to 0 and Dk  equals to 1, however, which is higher than 

the total cost under the condition when DGk  equals to 0 and Dk  equals to 0.5 and 0, which can give a 

positive proof that the optimization in the economics dispatching layer can make a little good function 

to reduce the total cost in the real-time operational simulation in the operational layer because of the 

low PV power prediction accuracy. The total cost with variable DG power is less than the results with 

constant DG power under the condition of MILP results due to the loose constraints for DG power. 

What’s more, the total cost under the condition of operational results’ by using appropriate DG power 

range is also less than the total cost under the condition of operational results by using appropriate 

constant DG power. 

In order to give better evidence to prove the effectiveness of the optimization and real-time power 

management strategy, other two weather data are applied in the off-grid DC microgrid. 
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Table 16. Results summary for full microgrid mode on May 8th 2018. 

Day-ahead optimization NO YES 

  Constant DG 

Condition 
1=Dk ,

0=DGk  

0.5=Dk

, 0=DGk  

0=Dk ,

0=DGk  

MILP 

results 

Operati

onal results 

The sum of BSC  and GC  

(c€) 
15.80 11.98 14.74 23.60 12.09 

_PV SC  (c€) 1.71 0 0 0 0 

_L DC  (c€) 9.60 0.01 0.01 0 0.01 

DGC  (c€) 55.63 54.37 53.72 125.47 67.65 

SCC  (c€) 1.64 1.66 1.72 -- 1.79 

TOTALC  (c€) 84.41 68.04 70.20 149.08 81.55 

 

Table 16 bis. Results summary for full microgrid mode on May 8th 2018. 

Day-ahead optimization YES YES 

 Variable DG Constant DG Variable DG 

Condition 
MIL

P results 

Opera

tional 

results 

Ideal 

MILP 

results 

Ideal 

Operatio

nal 

results 

Ideal 

MILP 

results 

Ideal 

Operatio

nal 

results 

The sum of BSC  and GC  

(c€) 
23.84 11.90 13.50 14.67 13.50 14.67 

_PV SC  (c€) 0 0 0 0 0 0 

_L DC  (c€) 0 0.01 1.11 0.01 0 0.01 

DGC  (c€) 
125.1

2 
67.65 34.70 30.87 35.44 30.87 

SCC  (c€) -- 1.79 -- 1.74 -- 1.74 

TOTALC  (c€) 
148.9

6 
81.36 49.32 47.30 48.95 47.30 

The simulation results for full microgrid mode on June 20th 2018 is shown in Table 17. 
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Table 17. Results summary for full microgrid mode on June 20th 2018. 

Day-ahead optimization NO YES 

  Constant DG 

Condition 
1=Dk ,

0=DGk  

0.5=Dk

, 0=DGk  

0=Dk ,

0=DGk  

MILP 

results 

Operati

onal results 

The sum of BSC  and GC  

(c€) 
9.19 14.95 9.19 -20.95 12.63 

_PV SC  (c€) 30.71 27.06 18.30 61.89 13.94 

_L DC  (c€) 5.31 0.05 0.01 0 4.29 

DGC  (c€) 210.90 184.34 188.90 0 180.48 

SCC  (c€) 1.97 1.91 1.86 -- 1.96 

TOTALC  (c€) 258.11 228.31 218.28 40.93 213.33 

Table 17 bis. Results summary for full microgrid mode on June 20th 2018. 

Day-ahead optimization YES YES 

 Variable DG Constant DG Variable DG 

Condition 
MIL

P results 

Opera

tional 

results 

Ideal 

MILP 

results 

Ideal 

Operatio

nal 

results 

Ideal 

MILP 

results 

Ideal 

Operatio

nal 

results 

The sum of BSC  and GC  

(c€) 

-

20.95 
12.65 10.28 13.18 19.11 20.28 

_PV SC  (c€) 
61.89 13.94 0 3.69 0 1.87 

_L DC  (c€) 
0 3.99 0.10 5.40 0 0.01 

DGC  (c€) 0 
180.4

8 
147 

139.6

0 

134.7

1 

136.5

7 

SCC  (c€) -- 1.96  1.87 -- 1.90 

TOTALC  (c€) 40.93 
213.0

5 

157.3

8 

163.7

6 

153.8

2 

160.6

6 

By the comparisons in Table 17, the total cost under the condition when DGk  equals to 0 and Dk  

equals to1, 0.5 or 0, and operational results is higher than the total cost under the condition of ideal 
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operational results, because the accuracy of PV and load power prediction has a big influence on power 

dispatching. The total cost under the condition of operational results is less than the total cost under the 

condition when Dk   equals to1, 0.5 or 0, which can give a positive proof that the optimization in the 

economics dispatching layer can make a good function to reduce the total cost in the real-time simulation 

in the operational layer. The total cost with variable DG power is less than the results with constant DG 

power under the condition of ideal MILP results due to the loose constraints for DG power. What’s more, 

the total cost under the condition of ideal operational results is less than the total cost under the condition 

of operational results because of the ideal prediction power. 

The simulation results for full microgrid mode on July 16th 2018 is shown in Table 18. By the 

comparisons in Table 18, it can be seen that the total cost under the condition when DGk  equals to 0 and 

Dk  equals to 1, and operational results is higher than the total cost under the condition of ideal 

operational results, because the accuracy of PV and load power prediction has a big influence on power 

dispatching, the exception is the total cost under the condition when DGk   equals to 0 and Dk  equals to 

0.5 or 0 is less than the total cost under the condition of ideal operational results because of the low PV 

power leading to a big more frequency start-up of the DG. The total cost under the condition of 

operational results is less than the total cost under the condition when DGk  equals to 0 and Dk  equals to 

1, which can give a positive proof that the optimization in the economics dispatching layer can make a 

good function to reduce the total cost in the real-time operational simulation in the operational layer. 

Table 18. Results summary for full microgrid mode for July 16th 2018. 

Day-ahead 

optimization 
NO YES 

  Variable DG 

Condition 
1=Dk ,

0=DGk  

0.5=Dk ,

0=DGk  

0=Dk ,

0=DGk  

MILP 

results 

Operational 

results 

The sum of BSC  

and GC  (c€) 
23.63 32.59 31.37 12.86 23.81 

_PV SC  (c€) 5.85 0 0.26 9.04 5.31 

_L DC  (c€) 8.43 2.26 3.64 0 13.04 

DGC  (c€) 641.25 518.86 519.62 737 568.54 

SCC  (c€) 2.20 2.20 2.21 -- 2.35 

TOTALC  (c€) 681.38 555.93 557.11 758.90 613.06 
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Table 18 bis. Results summary for full microgrid mode on July 16th 2018. 

Day-ahead 

optimization 

YES YES 

 Variable DG Constant DG Variable DG 

Condition 
MIL

P results 

Opera

tional 

results 

Ideal 

MILP 

results 

Ideal 

Operatio

nal 

results 

Ideal 

MILP 

results 

Ideal 

Operatio

nal 

results 

The sum of BSC  and 

GC  (c€) 
16.42 24.03 10.49 26.74 22.65 30.40 

_PV SC  (c€) 0 5.31 3.27 3.287 0 5.43 

_L DC  (c€) 0 12.77 0 20.55 0.01 6.40 

DGC  (c€) 
723.3

2 

567.2

2 

566.4

7 

557.9

7 

488.0

2 

546.1

2 

SCC  (c€) -- 2.36 -- 2.42 -- 2.37 

TOTALC  (c€) 
739.7

5 

611.7

0 

580.2

4 

610.9

8 

510.7

0 

590.7

5 

 

The total cost with variable DG power is less than the results with constant DG power under the 

condition of MILP results due to the loose constraints for DG power. What’s more, the total cost under 

the condition of operational results by using appropriate DG power range is less than the total cost under 

the condition of operational results by using appropriate constant DG power due to the loose constraints 

for DG power. 

In conclusion, the real-time power management of the operational layer without the economics 

optimization of the economics dispatching layer cannot achieve the purpose of optimal real-time power 

management. The accuracy of PV and load power predictions has a big influence on the economics 

optimization as the conclusion in III.6.2.3 and III.6.3.3. In particular, the uncertainty of weather will 

lead to uncertainty in the results of economic optimization. The economics optimization in the 

economics dispatching layer can reduce the total cost of the power flow of DC microgrid and reduce the 

load shedding power in full microgrid mode.  

III.1.5. Simulation scenario for 24 hours' duration 

To solve the optimization problem of the economic dispatching for 24 hours, the MILP solver which 

is the same as the 9 hours’ simulation before is applied. The 24 hours’ weather data set from June 20th 

2018 can give a good simulation verification.  

The 24 hours work hypothesis based on a university is shown in Table 19 with five time periods. 

During 0:00-6:00 and 22:00-24:00 it is assumed that the load demand power, and the public grid can 



-126/206- 

 

exchange power with the BS due to the fact that the low power tariff in the public grid. During 6:00-

8:00, the PV energy production is different according to the seasons, the PV can produce more power 

in summer than the power in winter. During 8:00-17:00, the load demand varies according to the energy 

demand of the university building, mostly the peak consumption appears at noon. During 17:00-22:00 

the load demand for tertiary buildings is low but for residential buildings are very high so that the public 

grid is highly stressed. Thus, it is assumed that the pubic grid cannot exchange power with the BS during 

6:00-22:00 to prevent the BS buys and sells power from and to the public grid for extra money. 

Table 19. 24 hours work hypothesis. 

Time period Description 

0:00-6:00 Low load demand 

6:00-8:00 Different according to the seasons 

8:00-17:00 
Working time in building 

17:00-22:00 High load demand from the public grid 

22:00-24:00 
Low load demand 

The 24 hours PV prediction power curves can be calculated according to the equations (2. 20) and 

(2. 21). The 24 hours’ load power is scaled according to the real daily load demand data in the university 

building from the local electricidal company, and the load power is assumed to be 49 controllable 

appliances for verifying the load real-time optimization algorithm. It is based on the experience that the 

load demand respects to a duty-cycle regular change, the load prediction power is assumed to be a little 

different from the real load power. 

The 24 hours PV MPPT power and PV prediction power on June 20th 2018 are shown in Figure 89. 

 

Figure 89. PV MPPT power and PV prediction power curves for June 20th 2018. 

The load power and load power prediction curves are given in Figure 90 are used.  
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Figure 90. Load power and load power prediction curves. 

The 24 hours tariff of the public grid is given according to the TOU method in Table 20, the high 

tariff is in the period, 10:00-12:00 and 17:00-22:00, the middle tariff is in the period, 6:00-10:00 and 

12:00-17:00, the low tariff is in the period, 0:00-6:00 and 22:00-24:00. GT  is the public grid exchanging 

imposed tariffs for supply and injection.  

Table 20. TOU public grid energy tariffs. 

 

Table 20 bis. TOU public grid energy tariffs. 

 

Public grid 

TOU energy tariffs (€/kWh) 

0:00-6:00 6:00-8:00 8:00-10:00 10:00-12:00 

GT  0.01 0.1 0.1 0.7 

Public grid 

TOU energy tariffs (€/kWh) 

12:00-17:00 17:00-22:00 22:00-24:00 

GT  0.1 0.7 0.01 
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Table 21 presents the numerical values of the fixed energy tariffs for 24 hours which is the same as 

the values given in Table 3. The average O&M tariff 
_ &DG O MT  is assumed to be 0.63 €/h.  

Table 21. Fixed energy tariffs  

Fixed energy tariffs (€/kWh) 

BS BST  0.05 

PV shed 
_PV ST  1.5 

Load shed 
_L ST  1.8 

DG 
_DG FT  1.2 

SC SCT  0.3 

 

Table 22 presents the simulation period following the different parameters setting, the choice of the 

additional constraints group 1 and 2, the set of the coefficient 
_L CRITk , and public grid power limitation. 

These configurations are set according to the energy demand of the university building during the week. 

Table 22. Period configuration. 

Time period 
Choose of problem 

formulation 
_L CRITk  

_G MAXP  

0:00-6:00 Additional constraints group 2 100% 600W 

6:00-8:00 Additional constraints group 1 80% 200W 

8:00-17:00 
Additional constraints group 1 80% 200W 

17:00-22:00 Additional constraints group 1 80% 200W 

22:00-24:00 
Additional constraints group 2 100% 600W 

 

In Table 22, the 24 hours is divided into five time periods: during 0:00-6:00 and 22:00-24:00 it is 

assumed that the load demand power is low respecting to the additional constraints group 2, the 

coefficient 
_L CRITk  is set to be 100% because all the load demand is critical load that cannot be shedding, 

and the public grid power is limited to 600W; during 6:00-8:00 the PV energy production is different 

according the seasons and it is assumed that the additional constraints group 1 is used, the coefficient 

_L CRITk  is set to be 80%, and the public grid power is limited to 200W; during 8:00-17:00 the load 

demand varies according to the energy demand of the university building and it is assumed that the 

power management uses the additional constraints group 1, the coefficient 
_L CRITk  is set to be 80%, and 

the public grid power is limited to 200W; during 17:00-22:00 the load demand for tertiary buildings is 
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low but for residential buildings are very high so that the public grid is highly stressed, therefore, it is 

assumed that the additional constraints group 1 is used, the coefficient 
_L CRITk  is set to be 80%, and the 

public grid power is limited to 200W. 

III.1.6. Full microgrid simulation for 24 hours’ duration 

To solve the full microgrid optimization problem of the economic dispatching, the MILP solver is 

applied. The weather data set on June 20th 2018 has been introduced in III.1.5. The load power and load 

prediction power has been provided in III.1.5. The tariff of every electrical component in the full 

microgrid mode has been given in III.1.5. 

The full DC microgrid parameters used for the optimization dispatch layer are presented in Table 

23. 

Table 23. Parameters for optimization at full microgrid mode. 

Parameters Values Parameters Values 

_BS MAXP  1000W _DG MAXP  1500W 

_BS MINSOC  20% _ _DG ON MAXP  (0,
_DG MAXP ] 

_BS MAXSOC  80% _ _DG ON MINP  (0,
_ _DG ON MAXP ] 

_ 0BSSOC  50% DGdt  1200s 

REFC  6.6Ah _L CRITk  80%, 100% 

_PV STCP  1750W _GF LimitP  20W/s 

_G MAXP  200W, 600W   

 

In Table 23, the parameters are the same as the parameters in the economics dispatching layer of the 

grid-connected and off-grid mode above. The DG power limited between 
_ _DG ON MINP  and 

_ _DG ON MAXP  

when the DG is turned on is the same as the constraints in the economics dispatching layer of the off-

grid mode. The 
_ _DG ON MAXP  and 

_ _DG ON MAXP is chosen between 0 and 
_DG MAXP , the 

_ _DG ON MINP  is 

chosen between 0 and 
_ _DG ON MAXP . The 

_L CRITk  and 
_G MAXP  are set according to the periods in Table 22.  

The calculation of the parameters 
_ _DG ON MINP  and 

_ _DG ON MAXP  are the same as the parameters in the 

economics dispatching layer of the off-grid mode. Thus, the appropriate 
_ _DG ON MINP  and 

_ _DG ON MAXP  

power can be got as the same method depicted in the economics dispatching layer of the off-grid mode. 



-130/206- 

 

The full DC microgrid parameters used for the operational algorithm of the operational layer is 

presented in Table 24. 

Table 24. Parameters for the operational algorithm at full microgrid mode. 

Parameters Values Parameters Values 

_BS MAXP  1000W _SC Ratedv  75V 

_BS MINSOC  20% _ _SC MAX MAXSOC  85% 

_BS MAXSOC  80% _ _SC MAX MINSOC  75% 

_ 0BSSOC  50% _ _SC MIN MAXSOC  45% 

REFC  6.6Ah _ _SC MIN MINSOC  35% 

_PV STCP  1750W _ 0SCSOC  75% 

*

DCv  400V _DG MAXP  1500W 

_SC MAXP  1500W _ _DG ON MAXT  3600s 

_SC MINT  180s _ _DG OFF LIMT  1200s 

SCC  94F _L CRITk  80%, 100% 

_G MAXP  200W, 600W   

 

In Table 24, the parameters are the same as the parameters in the operational layer of the grid-

connected and off-grid mode above. 

III.1.6.1. Optimization results 

The day-ahead economics optimization results on June 20th 2018 by using PV and load prediction 

power profiles under the appropriate constant DG power 1050W are shown in Figure 91 and Figure 92. 

In Figure 91 and Figure 92, the PV and load prediction power profiles are used, the day-ahead 

optimization results are shown under the appropriate constant DG power; at the beginning of the 

optimization results, the PV power is less than the load demand power, the BS is recharging by the 

public grid because of the low public grid power tariff; at 6:40, the DG is turned on; at 7:00, the DG is 

turned off, the BS and the public grid provide power to support the load demand power; then the DG is 

turned on at 21:00.  
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Figure 91. The day-ahead economics optimization results ( Dk , DGk ) and BS SOC  curves at full 

microgrid mode on June 20th 2018. 

 

Figure 92. The day-ahead economics optimization results of power curves at full microgrid mode on 

June 20th 2018. 

The day-ahead economics optimization results on June 20th 2018 by using PV and load prediction 

power profiles under the appropriate DG power range from 850W to 1250W are shown in Figure 93 and 

Figure 94. 

 

Figure 93. The day-ahead economics optimization results ( Dk , DGk ) and BS SOC  curves at full 

microgrid mode on June 20th 2018. 
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Figure 94. The day-ahead economics optimization results of power curves at full microgrid mode on 

June 20th 2018. 

In Figure 93 and Figure 94, the PV and load prediction power profiles are used, the day-ahead 

optimization results are shown under the appropriate DG power range, which is almost the same as the 

results in Figure 91 and Figure 92. The power values of the DG are not the same.  

The ideal economics optimization results on June 20th 2018 by using real PV and load power profiles 

under the appropriate constant DG power 1100W are shown in Figure 95 and Figure 96.  

 

Figure 95. The ideal economics optimization results ( Dk , DGk ) and BS SOC  curves at full microgrid 

mode on June 20th 2018. 

 

Figure 96. The ideal economics optimization results of power curves at full microgrid mode on June 

20th 2018. 
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In Figure 95 and Figure 96, the real PV and load power profiles are used, the ideal day-ahead 

optimization results are shown under the appropriate constant DG power; at the beginning of the 

optimization results, the PV power is less than the load demand power, and the BS is recharging by the 

public grid because of the low public grid tariff; when the public grid tariff is increased and its power 

limitation is decreased, the DG is turned on to supply the load demand power and the BS at the constant 

power in the duty cycle; at 6:40, 7:40, 11:20, 12:20, 20:00, and 21:00. 

The ideal economics optimization results on June 20th 2018 by using real PV and load power profiles 

under the appropriate DG power range from 750W to 1450W are shown in Figure 97 and Figure 98.  

In Figure 97 and Figure 98, the real PV and load power profiles are used, the ideal day-ahead 

optimization results are shown under the appropriate DG power range, which is almost the same as the 

results in Figure 95 and Figure 96. The DG start-up from 11:00 to 13:00 is different from the results in 

Figure 97 and Figure 98. 

 

Figure 97. The ideal economics optimization results ( Dk , DGk ) and BS SOC  curves at full microgrid 

mode on June 20th 2018. 

 

Figure 98. The ideal economics optimization results of power curves at full microgrid mode on June 

20th 2018. 
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III.1.6.2. Real-time results 

The following results consider the real-time simulation results of the operational layer. In order to 

validate the effectiveness of the day-ahead optimization, the real-time simulation result by using the 

day-ahead optimization will be compared with the real-time simulation result without considering the 

day-ahead optimization results. 

III.1.6.2.1 Real-time result without optimization 

Without considering the day-ahead optimization results, the cases under the power management 

strategy proposed in II.5.4.1. should be used. In order to give a better comparison, the cases when Dk  

equal to 1, 0.5, 0, -0.5, or -1 are also simulated. The Dk  is negative representing the public grid and BS 

can work at the different power direction, the public grid is selling power while the BS is charging 

shown in the equations (2. 49). 

The simulation cases without considering the day-ahead optimization results are listed to be 15 

conditions in Table 25. During 0:00-6:00 and 22:00-24:00, the Dk  is set to be 1, 0.5, 0, -0.5, or -1. From 

6:00-22:00, the Dk  is set to be 1, 0.5, 0. 
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Table 25. Simulation cases without considering the day-ahead optimization results. 

Time period 0:00-6:00 and 22:00-24:00 6:00-22:00 

 Dk  value Dk  value 

Condition 1 1 1 

Condition 2 0.5 1 

Condition 3 0 1 

Condition 4 -0.5 1 

Condition 5 -1 1 

Condition 6 1 0.5 

Condition 7 0.5 0.5 

Condition 8 0 0.5 

Condition 9 -0.5 0.5 

Condition 10 -1 0.5 

Condition 11 1 0 

Condition 12 0.5 0 

Condition 13 0 0 

Condition 14 -0.5 0 

Condition 15 -1 0 

 

The results under condition 1 when Dk  equal to 1 and DGk  equal to 0 are shown in Figure 99 and 

Figure 100. 

 

Figure 99. DC bus voltage and BS SOC  curves when Dk  = 1 and DGk  = 0 at full microgrid mode on 
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June 20th 2018. 

 

Figure 100. Power curves when Dk  = 1 and DGk  = 0 at full microgrid mode on June 20th 2018. 

In Figure 99 and Figure 100, the public grid, the BS, and the DG are the controllable sources to 

support the microgrid, the SC is only used to compensate the start-up of the DG, the public grid and the 

BS have higher priority than the DG to compensate the power difference between 
_PV MPPTp  and 

_L Dp . 

The DG is turned on eleven times. 

The figures of the other 14 conditions are not shown here. The cost comparison of the 15 conditions 

will be shown in III.6.6.3. 

III.1.6.2.2 Real-time results with day-ahead optimization 

Considering the day-ahead optimization results, the cases under the power management strategy 

proposed in II.5.4.2. should be used. The optimization coefficient Dk  and DGk  can introduce the day-

ahead optimization results in the economic dispatching layer. There are two real-time operational 

simulations by using the day-ahead economics optimization results under the appropriate constant DG 

power and the appropriate DG power range showing following; in the same time, there are two real-

time operational simulations by using the ideal economics optimization results under the appropriate 

constant DG power and the appropriate DG power range showing following. 

The real-time operational simulation results of the DC microgrid by using the day-ahead economics 

optimization results under the appropriate constant DG power are shown in Figure 101 and Figure 102. 

 

Figure 101. The actual results of DC bus voltage and BS SOC  curves at full microgrid mode on June 
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20th 2018. 

 

Figure 102. The actual results of power curves at full microgrid mode on June 20th 2018. 

In Figure 101 and Figure 102, the day-ahead economics optimization results under the appropriate 

constant DG power are introduced in the real-time operational layer, it can be seen that the DG is turned 

on eight times. In the rest of the real-time simulation, the DG is off, the BS is charging and discharging, 

the public grid is selling and buying power from the microgrid, the BS is recharging by the public grid 

during the period from 0:00 to 6:00.  

The real-time operational simulation results of the DC microgrid by using the day-ahead economics 

optimization results under the appropriate DG power range are shown in Figure 103 and Figure 104. 

In Figure 103 and Figure 104, the day-ahead economics optimization results under the appropriate 

DG power range are introduced in the real-time operational layer, it can be seen that the DG is turned 

on eight times. In the rest of the real-time simulation, the DG is off, the BS is charging and discharging, 

the public is selling and buying power from the microgrid, the BS is recharging by the public grid during 

the period from 0:00 to 6:00.  

To compare the two results before, it can be seen that the results under the appropriate DG power 

range are the same as the results under the appropriate constant DG power. 

 

Figure 103. The actual results of DC bus voltage and BS SOC  curves at full microgrid mode on June 

20th 2018. 
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Figure 104. The actual results of power curves at full microgrid mode on June 20th 2018. 

The real-time operational simulation results of the DC microgrid by using the ideal economics 

optimization results under the appropriate constant DG power are shown in Figure 105 and Figure 106. 

 

Figure 105. The ideal results of DC bus voltage and BS SOC  curves at full microgrid mode on June 

20th 2018. 

In Figure 105 and Figure 106, the ideal economics optimization results under the appropriate 

constant DG power are introduced in the real-time operational layer, it can be seen that the DG is turned 

on nine times. In the rest of the real-time simulation, the DG is off, the BS is charging and discharging, 

the public is selling and buying power from the microgrid, the BS is recharging by the public grid during 

the period from 0:00 to 6:00. 

 

Figure 106. The ideal results of power curves at full microgrid mode on June 20th 2018. 
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The real-time operational simulation results of the DC microgrid by using the ideal economics 

optimization results under the appropriate DG power range are shown in Figure 107 and Figure 108. 

 

Figure 107. The actual results of DC bus voltage and BS SOC  curves at full microgrid mode on June 

20th 2018. 

 

Figure 108. The actual results of power curves at full microgrid mode on June 20th 2018. 

In Figure 107 and Figure 108, the ideal economics optimization results under the constant DG power 

range are introduced in the real-time operational layer, it can be seen that the DG is also turned on only 

seven times. In the rest of the real-time simulation, the DG is off, the BS is charging and discharging, 

the public grid is selling and buying power from the microgrid, the BS is recharging by the public grid 

during the period from 0:00 to 6:00. 

To compare the two results before, it also can be seen that the results under the appropriate DG 

power range are the same as the results under the appropriate constant DG power. 

III.1.6.3. Full microgrid simulation results comparison and analysis  

Now, it is necessary to give a table that lists the cost of every component from the above simulation 

results including the optimization results in III.6.6.1. and the real-time operational results in III.6.6.2. 

The 24 hours simulation results for full microgrid mode on June 20th 2018 is shown in Table 26. 
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Table 26. Results summary for full microgrid mode June 20th 2018. 

Day-ahead optimization NO 

Condition 1 2 3 4 5 

The sum of BSC  and GC  

(c€) 
19.27 19.28 22.92 23.45 23.45 

_PV SC  (c€) 39.64 39.64 28.81 28.74 28.74 

_L DC  (c€) 0.70 0.70 3.09 0.84 0.84 

DGC  (c€) 671.49 671.49 610.86 609.70 609.70 

SCC  (c€) 4.45 4.45 4.43 4.43 4.43 

TOTALC  (c€) 735.58 735.58 670.14 667.18 667.18 

Table 26 bis. Results summary for full microgrid mode for June 20th 2018. 

Day-ahead optimization NO 

Condition 6 7 8 9 10 

The sum of BSC  and GC  

(c€) 
57.69 57.66 59.07 59.31 59.31 

_PV SC  (c€) 17.81 17.77 27.37 35.77 35.77 

_L DC  (c€) 0.01 0.01 0.01 0.01 0.01 

DGC  (c€) 446.01 446.14 428.81 421.95 421.95 

SCC  (c€) 4.06 4.06 4.16 4.17 4.17 

TOTALC  (c€) 525.61 525.66 519.44 521.23 521.23 
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Table 26 bis. Results summary for full microgrid mode for June 20th 2018. 

Day-ahead optimization NO 

Condition 11 12 13 14 15 

The sum of BSC  and GC  

(c€) 
60.25 60.25 58.77 61.93 61.93 

_PV SC  (c€) 6.51 6.51 16.12 1.24 1.24 

_L DC  (c€) 0.01 0.01 0.01 0.01 0.01 

DGC  (c€) 440.09 440.10 426.04 383.73 383.73 

SCC  (c€) 4.09 4.09 4.17 4.11 4.11 

TOTALC  (c€) 510.97 510.98 505.14 451.04 451.04 

 

Table 26 bis. Results summary for full microgrid mode for June 20th 2018. 

Day-ahead optimization YES 

 Constant DG Variable DG 

Condition 
MILP 

results 

Operati

onal results 

MILP 

results 

Operati

onal results 

The sum of BSC  and GC  

(c€) 
4.98 54.08 8.08 57.05 

_PV SC  (c€) 
77.45 22.25 77.45 21.53 

_L DC  (c€) 
0.16 0.01 0 0.01 

DGC  (c€) 126 471.55 119.91 461.58 

SCC  (c€) -- 4.38 -- 4.37 

TOTALC  (c€) 208.60 552.28 205.45 544.57 
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Table 26 bis. Results summary for full microgrid mode for June 20th 2018. 

Day-ahead optimization YES 

 Constant DG Variable DG 

Condition 

Ideal 

MILP 

results 

Ideal 

Operation

al results 

Ideal 

MILP 

results 

Ideal 

Operation

al results 

The sum of BSC  and GC  

(c€) 
56.69 56.75 63.85 61.60 

_PV SC  (c€) 
1.82 12.23 0 5.20 

_L DC  (c€) 
0 3.53 0 0.01 

DGC  (c€) 390 453.82 355.45 395.52 

SCC  (c€) -- 4.42 -- 4.17 

TOTALC  (c€) 448.52 530.76 419.31 466.52 

 

In Table 26, it can be seen that the total of the 15 conditions without optimization is reduced from 

condition 1 to condition 15; the DG has a high cost in every condition. By the comparisons in Table 26, 

the total cost under the condition when the total cost under condition of the operational results is higher 

than the total cost under the condition of ideal operational results, because the accuracy of PV and load 

power prediction has a big influence on power dispatching. The total cost under the condition of the 

operational results is less than the total cost under the condition from 1 to 5, which can give a positive 

proof that the optimization in the economics dispatching layer can make a good function to reduce the 

total cost in the real-time simulation in the operational layer on day-ahead. The total cost with variable 

DG power is less than the results with constant DG power under the condition of MILP results and ideal 

MILP results due to the loose constraints for DG power. What’s more, the total cost under the condition 

of ideal operational results is less than the total cost under the condition of operational results because 

of the ideal prediction power. 

The simulation results show that the effectiveness of the full microgrid supervision system compared 

with grid-connected and off-grid operation mode. The full microgrid with proposed supervision system 

can simultaneously guarantee the stability and reliability of the public grid and prevent the critical load, 

as long as it is designed according to minimize the overall operation cost. Also, the controlling of the 

DG is the key point because of its high-power tariff, which accounts for the highest proportion of the 

total costs. In addition, the 24 hours full microgrid with 24 hours’ supervisory system is proposed for 
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the real case considering the actual situation, the critical load, the low load power demand, and the peak 

load demand in different time periods. Thorough the simulation, the full microgrid is proved to be 

directly applied to the actual system. With the applied of the full microgrid, the overall cost can be 

reduced with protecting the critical load, and making full use of PV generated power. 

III.2. Conclusion 

The simulation is designed to valid the studies presented in the chapter II considering the grid-

connected mode, off-grid operation mode, and the proposed full microgrid mode with 9 hours’ duration 

and 24 hours' duration.  

In this chapter, firstly, the simulation scenario for 9 hours’s duration is given, where the simulation 

cases are designed to separately to grid-connected mode, off-grid mode, and the full microgrid mode 

which is proposed combining the advantages of grid-connected and off-grid modes. Secondly, in each 

simulation cases, the condition of the ideal MILP is considered as the reference, which use the real 

recorded PV and load power profiles to replace the PV and load power prodiction profiles to eliminate 

the prodiction power error. Then, there are three weather conditions are used to valid the microgrid with 

different operation modes. In the end, considering the fact of the power grid’s continuous operation all 

day, the full microgrid for 24 hours’ simulation is done. 

The simulation results prove the superior of the proposed full DC microgrid supervisory system, the 

load demand is maintained compared to the results of the grid-connected mode, the operation cost is 

less than the off-grid operation cost. In the full microgrid mode, the proposed supervisory system can 

be applied to keep the DC microgrid power balance in real-time and to reduce the overall cost by using 

the day-ahead optimization, as well as considering to make full use of the PV generated power with well 

considering the peak and valley of the public grid. In addition, a back-up source is used to well prevent 

the critical load. 
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Chapter IV. Optimization considering converter 

efficiency 

In a DC microgrid, the converter is the key component to transfer power. Especially, the 

bidirectional energy converter flexibly adjusts the flow of electrical energy according to the relationship 

between the supply and demand of electrical energy, providing energy buffering and intelligent 

management for the DC microgrid. The converter efficiency is one of the important indicators of a DC 

microgrid. In a datasheet of a converter, the conversion power of a converter is given. If the converter 

works out of the power range, the power loss is much more as indicated and converter efficiency is low, 

and the worst case is that the conversion power is less than the power loss. In addition, the intermitted 

PV power generation leads to the change of the converter efficiency, which reduce the power quality in 

the DC microgrid with increasing the voltage fluctuation of the DC bus. Thus, it is important to consider 

the converter power loss for better balancing the power in a DC microgrid management. In addition, if 

the converter efficiency can be calculated by a mathematical model in advance, then it is convenient to 

increase the converter efficiency with low power loss. 

Generally, the real-time controller does not consider the power loss of a converter in a microgrid. 

So, most of the power loss in converter shows on the bus of a microgrid. In AC microgrid, the power 

loss is displayed in the poor quality of the voltage and frequency of bus power. In DC microgrid, the 

power loss influences the voltage of the microgrid [54]. The poor-quality power increases the regulatory 

burdens of users’ loads, even leads to a reduction in load life, and more serious equipment failure. 

In the aspect of the economic cost, a high efficiency of a converter can reduce the operation cost of 

a microgrid. However, it is impossible to always keep the converters in the microgrid working at the 

highest efficiency power point because of the intermitted renewable energy sources. The optimized 

energy flow is constantly changing, which leads to the uncertainty of the energy loss of the microgrid. 

Therefore, the research and modeling of converter power loss are crucial in energy management and 

optimization in the microgrid. 

IV.1. Description of converter modeling 

The problem of power loss in switching devices is always a hotspot of scholars from various 

countries. The continuous increase of switching frequency makes the modeling analysis of loss largely 

determine the success of the design. The loss analysis of the power device is based on the switching 

device model. At present, there are many methods for modeling the loss of switching devices: one is an 

accurate model based on the specific parameters of the device. Due to the large number of specific 



-145/206- 

 

parameters, this model can only use computer simulation to obtain accurate results. Although it is closest 

to the actual situation, it requires a large amount of calculation and takes a long time. This is also the 

reason why the accurate model cannot be widely used in engineering. The other is the simplified 

analytical model of the circuit; indeed, the voltage and current instantaneous expression obtained by 

approximate fitting is used to express the loss. This model has a small calculation amount and can make 

the designer quickly concludes, and it is also convenient to analyze the loss of switching devices in 

different circuit environments. Therefore, it is the most commonly used loss analysis method in 

engineering. However, because the switching process is greatly simplified during the analysis process, 

the accuracy of the results obtained by the model is very dependent on the degree of simplification and 

the reasonableness of assumptions. In [83], a rapid loss estimation equation is proposed to provide 

computationally simple loss prediction under all operating conditions, where a statistical analysis 

method is used. 

In this chapter, only a simple converter is considered, which is formed by directly connecting the 

insulated gate bipolar transistor (IGBT) with the surrounding inductors and capacitors, as shown in 

Figure 109 and Figure 110. The detailed information on the applied IGBT is shown in appendix 5. 

 

Figure 109. The boost/buck converter. 

 

Figure 110. The single-phase full-bridge DC/AC converter. 

The power loss compensation circuit, such as a dedicated buffer circuit, a phase-shifted full-bridge 

soft switch and auxiliary circuit, is not taken into account. The converter of this chapter simplifies the 

difficulty of mathematical modeling while highlighting the impact of energy conversion efficiency on 

the operation of the full DC microgrid in chapter II. In Figure 109, the boost/buck converter is shown, 

and the BS is connected to the DC bus. si and sv  are separately the current and voltage of the source; oi  

and BUSv  are separately the current and voltage of DC bus. Figure 110 shows the single-phase full-

bridge DC/AC converter, and the single-phase source is connected to the DC bus. ACi and ACv  are 
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separately the current and voltage of the AC source; DCi  and BUSv  are separately the current and voltage 

of DC bus. L  is the inductance for boosting voltage and power filtering.  

The power losses in power electronic converters are generated in two main parts of the converter in 

Figure 111. Hence the losses can be divided into two parts as well: the losses in the semiconductors and 

the losses of the passive components. The losses in semiconductors can also be classified into two 

categories: the losses of conduction and the switching losses. The driving loss can be neglected because 

it is relatively small compared with the aforementioned losses. 

 

Figure 111. Power loss classification in the converter. 

The converters used in the full DC microgrid are DC/DC converters and DC/AC converters. And 

the modeling of these two kinds of converters is slightly different. The modeling of the converter has 

been shown in reference [54], and the modeling of the converter is a power average model, where the 

instantaneous power is not taken into account. 

The boost/buck converter is shown in equation (4. 1) and (4. 2). The equation (4. 1) gives the sum 

of the power loss: condTp  is the power loss of conduction in the transistor of IGBT; condDp  is the power 

loss of conduction in the diode of IGBT; comTp  is the switching power loss in the transistor of IGBT; 

comDp  is the switching power loss in the diode of IGBT; Lp  is the power loss in inductance.  

 
_ = + + + +loss sum condT condD comT comD Lp p p p p p   (4. 1) 

Equation (4. 2) shows the detailed mathematical model.  
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where 0CEV  is the threshold voltage of voltage drop between the collector and the emitter of the transistor, 

0FV  is the threshold voltage of diode forward voltage drop, si  is the source current, CEr  is the resistance 

between collector and emitter which equivalents to the sum of the resistances in the transistor, Fr  is the 

resistance of diode, a , b , and c  are the coefficients of the polynomial, ccV  is  the direct voltage applied 

to diode when opening, nU  is the nominal voltage of transistor, f  is the switching frequency, rrQ  is 

the reverse recovery charge, Lr  is the internal resistance of the inductor coil, and d  is the duty cycle of 

transistor turn-on. 

The single-phase converter is shown in equation (4. 3) and (4. 4). The equation (4. 4) gives the 

detailed mathematical model of the single-phase DC/AC converter. 
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where 
Ti  is the average current flowing through transistor, 

Di  is the average current flowing through 

diode, 
_T effi  is the effective current of transistor, 

_D effi  is the effective current of diode, m  is the 
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modulation index,  ph
 is the phase angle between current and voltage, 

_ph effi  is the effective value of 

single-phase current, 
_AC effi  is the AC source effective current. 

There is an advantage that the parameter of the mathematical model above can be directly found in 

the datasheet of IGBT as shown in appendix 5, and comTp  is obtained by curve fitting in the datasheet of 

IGBT. The modeling considers the fact that the measured variables, voltage, and current, can only be 

measured in the side of the sources. 

The switching frequency of the converter model is assumed to be fixed. In order to easily consider 

the power loss in a converter, only loss power is introduced to replace the real current and voltage values 

of the converter, and the reference [54] of the thesis gives a conclusion that voltage and current have a 

little influence on the power loss of the converter. 

Figure 112 gives the lost power with a variable power in the boost\buck converter used between PV 

sources and DC bus. The lost power increases with the increased PV power. 

 

Figure 112. The power loss in the PV boost converter. 

Figure 113 shows the corresponding conversion efficiency, PV , increases with increased PV power, 

as calculated in equation (4. 5). However, PV  will decrease when the PV power is big enough with a 

low PV power. 

 
_-

= 
PV loss sum

PV

PV

p p

p
  (4. 5) 
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Figure 113. The power efficiency in the PV boost converter. 

Though the work in [54], it can be seen that the power average modeling of converter has the 

sufficient accuracy in the power loss estimation. 

IV.2. Power management strategy design 

Power management considering the power efficiency of a converter is the key point in a microgrid 

to keep power balance in real-time and to increase the power quality of a microgrid for keeping the 

safety of the microgrid operation. 

In a microgrid, the converters connect every physical component with the DC bus. So, their power 

efficiency is important. If the power efficiency of a converter is very low, the microgrid will supply too 

much more power to the converter that the microgrid is meaningless to be intelligent to manage power 

flow. However, a converter without power loss is not impossible. 

In [84], a centralized power management control strategy that coordinates the parallel operation of 

grid side converters within a hybrid microgrid is presented, which operating in real-time to considering 

the constraints of battery and renewable energy sources with DC bus and AC bus. The advanced is that 

the power quality of the DC/AC bus is achieved by compensating unbalanced and nonlinear loads. 

Reference [85] proposes a decentralized power management strategy in an islanded microgrid by using 

a designed multi-loop droop controller. However, the above works do not consider the converter power 

loss in the controller. Reference [86] presents a comprehensive study on recent achievements of model 

predictive control algorithms to overcome the challenges in the real-time implementation of power 

converter control, in which power loss can be reduced by changing the switching frequency. In [87], a 

temporally coordinated energy management strategy for AC/DC hybrid microgrid considering the 
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dynamic conversion efficiency of a bidirectional AC/DC converter is proposed. The proposed strategy 

is divided into two stages: the day-ahead economic energy management stage to minimize the daily 

operation cost, and the day-ahead schedules of controllable units are adjusted based on intraday ultra-

short-term forecast data to suppress the intraday power fluctuations induced by day-ahead forecast errors. 

In [88], an adaptive droop control strategy to improve the operation efficiency of microgrids under 

different load profiles, where an optimum solution of efficiency model is derived by Lagrange multiplier 

method. 

In this chapter, it is chosen a converter with a suitable operating range to minimize power loss. In 

the full DC microgrid, intelligent management allows better control power flow and reduces energy loss.  

In Figure 114, a real-time power management strategy is shown [61], where the converter loss model 

is considered. The real-time power management strategy can search the variable converter efficiency 

from the designed converter loss model and can send the control signal to the real-time controller to 

achieve the real-time control considering the power loss in the converter. Thus, the power management 

strategy not only can keep the real-time balance of the full DC microgrid but also consider the power 

loss in real-time control. 

 

Figure 114. The power loss model in power management strategy. 

IV.3. Optimization considering converter dynamic efficiency 

Due to the uncertain of the power generation of renewable energy sources and the power 

consumption of the load demand, optimization is a method to optimize the power flow in a microgrid. 

However, optimization is constrained to its computation burden and complex of the deigned problem. 

The real microgrid is a non-linear and complex system. Thus, we need to model the system to be a 

simple one, or a strong and fast computation method is necessary.  

In [89], a power optimization tool is proposed for an industrial microgrid considering a long-term 

planning and short-term energy management which are coupled via two game-theoretical frameworks. 

Different long-term and short-term pricing schemes are considered to provide general advice concerning 

the creation of a new industrial microgrid. The power loss in a microgrid is neglected in [89]. In [87] 

and [88], the converter power loss is considered in the optimization. The distinction is that a day-ahead 
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optimization used in [87], and a mathematical method used in [88] to optimize the power flow in real-

time. 

In this chapter, it is considered that the power loss model of a converter can be integrated into real-

time optimization and long-term optimization in the full DC microgrid. However, some computation 

and mathematical burdens are the blocks to achieve a good result. 

IV.3.1. Problem description 

The full DC microgrid optimized power flow considering the power loss of the converter is shown 

in Figure 115. The public grid, the DG, the PV sources, the BS, and a series of DC loads are consisted 

to be the optimized power flow in the optimization of the full DC microgrid. The converter power loss 

of the DC/DC and AC/DC are integrated. The converter power loss of the DC load is assumed to be a 

part of the DC load. 

 

Figure 115. The optimized power flow with the power loss of converter. 

The power loss models of converters are described in IV.1, which is a power average model. 

However, it is not easy to add the model with current and voltage directly in an optimization, which is 

not convex with a cubic equation. Thus, the power loss model of the converter should be simplified to 

be a simple function to neglect some precise in the converter model, or the random search algorithm 

should be applied. The optimization objective could be the real-time power in [88], the total operation 

cost of the full DC microgrid in [87], the environment pollution, or a multi-objective considering several 

different objectives to achieve Pareto-optimal [90]. 
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From the power loss model given in IV.1, it can be seen that the total lost power is a quadratic 

function to the power in a converter, as shown in equation (4. 6), thus, we deal with the quadratic 

function for a simplified problem.  

 2( ) ( ) ( )=  +  +lossp t a p t b p t c   (4. 6) 

IV.3.2. Problem formulation 

The problem formulation should be done considering the optimization objective, and constraints of 

the full DC microgrid.  

The objective is designed to minimize the total cost of the full DC microgrid operation in day-ahead, 

as shown in equation (4. 7), where the PV shedding cost, the load shedding cost, the BS cost, the public 

grid cost, and the DG cost are given. The detailed calculation of every cost is shown in equation (4. 8). 

The power loss of the converter given in equation (4. 6) is not listed here, because it is implicit in the 

increased energy supply from every source. 

 
_ _= + + + +TOTAL PV S L S BS G DGC C C C C C   (4. 7) 
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  (4. 8) 

The constraints of every component of the full DC microgrid are shown in equation (4. 9), where 

the power balance, the power constraint of every component, and the energy capacity limits of storage 

components are formulated. The rules of the power flow in the optimization approach the real-time 

power management strategy rules in IV.2, and the load shedding and PV shedding are not allowed until 

the BS is empty or full. The difference rule between real-time power management and the optimization 

problem is the optimization problem gives a larger solution space than the real-time power management 

to allow to pre-schedule the power flow in the full DC microgrid.  
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In equation (4. 10), the additional constraints group 1 gives the rules that the critical load cannot be 

shed and the power in the BS and public grid cannot exchange power when the diesel generating is not 

turned on. 
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  (4. 10) 

The equation (4. 11) shows the additional constraints group 2, and only the critical load constraint 

is given, which gives a large solution space including that the power can exchange between the BS and 

public grid. 

 
_ _

additional constraints group 2:

. . ( ) (1 ) ( ) − L S i L CRIT L is t p t k p t
  (4. 11) 

The power consumption in the converter is a nonlinear function. And the piecewise function is a 

good method to linearize the nonlinear function. Therefore, the nonlinear function is decomposed to be 

a piecewise function in Figure 116 and equation (4. 12). 

 

Figure 116. The power loss model in power management strategy. 



-154/206- 

 

 
_ _

1 ( ) 250

2 500 ( ) 250

3 750 ( ) 500

( ) 4 1000 ( ) 750 ( ) , [1,7]

5 1250 ( ) 1000

6 1500 ( ) 1250

7 ( ) 1750




 

  


=   =  +  
  


 




PV i

PV i

PV i

PV CV LOSS i PV i i PV i i

PV i

PV i

PV i

F p t

F p t

F p t

p t F p t Fi a p t b i

F p t

F p t

F p t
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In Figure 116, the piecewise function approaches the original function, where some original function 

information is neglected. Thus, the function is given in equation (4. 12), where the indicator [71] can be 

used to easily formulate the function.  

However, the cost is to use more indicator constraints to model a nonlinear function, thus, the 

piecewise function in MILP leads to so much calculation of central processing unit (CPU) that the 

optimization cannot be solved in a short time for a real-time optimization with data updating in the full 

DC microgrid. Fortunately, the day-ahead optimization allows enough time to calculate with the 

piecewise function in MILP. 

IV.4. Simulation verification 

The simulation of power management is verified in MATLAB/Simulink and the optimization is 

done by using CPLEX [71] in a personal computer (PC) with intel core i7-6700HQ. 

IV.4.1. Simulation scenario 

The simulation is designed to show the influence of the converter power loss on the full DC 

microgrid and give the solution to reduce the influence by using the power loss model of the converter 

given in IV.2 and IV.3. The parameters of IGBT can be find in appendix 5, and the switching frequency 

is set to be 12 kHZ. There are five cases in the simulation. 

The PV MPPT power, PV prediction power, the load power, and load prediction power profiles are 

given in III.1.5. The simulation parameters are given in III.1.5. 

In Table 27, the five cases are listed in the table above based on if the power loss model of the 

converter is integrated in the simulation, if the power loss model of the converter efficiency is considered 

in the real-time power management strategy, and if the day-ahead optimization considers the power loss 

in the converter. 

Case 1 simulates the ideal converter, i.e. without power loss. Case 2 simulates the real condition, 

considering the converter power loss model in the converter. Case 3 uses the converter efficiency in 

real-time power management based on the case 2. Case 4 uses the optimization results of the day-ahead 
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optimization without the converter efficiency based on the case 3. Case 5 uses the optimization results 

of the day-ahead optimization with the converter efficiency based on the case 3.  

Case 1 and 2 are applied to show the influence of the power loss of the converter in the full DC 

microgrid. Case 2 and 3 are compared to show the function of the real-time power management 

integrated with the converter efficiency. Case 4 and 5 are respectively compared to case 3 to display the 

influence of the day-ahead optimization with or without the converter efficiency. 

Table 27. Simulation cases. 

Case Power loss 

in converter 

Converter 

efficiency in 

power 

management 

Day-ahead 

optimization 

without 

converter 

efficiency 

Day-ahead 

optimization 

with converter 

efficiency 

1 NO NO NO NO 

2 YES NO NO NO 

3 YES YES NO NO 

4 YES YES YES NO 

5 YES YES NO YES 

 

IV.4.2. Simulation results 

IV.4.2.1. Optimization results 

The day-ahead simulation results without considering the converter loss are shown in Figure 117 

and Figure 118. 

 

Figure 117. The day-ahead economics optimization results Dk , DGk  and BS SOC  curves at full 

microgrid mode on June 20th, 2018 without converter loss. 
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Figure 118. The day-ahead economics optimization results of power curves at full microgrid mode on 

June 20th, 2018 without converter loss. 

In Figure 117 and Figure 118 the PV and load prediction power profiles are used; at the beginning 

of the optimization results, the PV power is less than the load demand power, and the BS is charged by 

the public grid because of the low public grid power tariff; at 6:20, the DG is turned on; at 6:40, the DG 

is turned off, the BS and the public grid provide power to support the load demand power; then the DG 

is turned on at 20:40 and 21:20. The PV shedding happens at 15:00. At the end of the optimization 

results, the public grid is only used to supply the load demand. 

The day-ahead optimization results with considering the converter loss are shown in Figure 119, 

Figure 120, and Figure 121. In Figure 119 and Figure 120, the PV and load prediction power profiles 

are used; at the beginning of the optimization results, the PV power is less than the load demand power, 

the public grid is used to supply the load, the BS and the rest power of the public grid are used to cancel 

the power loss in converter; then, at 5:40, the BS is recharged by the public grid because of the low 

public grid power tariff and PV power; at 6:00, the DG is turned on; at 6:20, the DG is turned off, the 

BS and the public grid provide power to support the load demand power; then the DG is turned on at 

7:00, 17:40, 19:40, 20:40 and 21:20. The load shedding happens at 8:20, 12:00, and 14:00. At the end 

of the optimization results, the public grid and BS are used to supply the load demand and power loss 

in the converter of the full DC microgrid. 

 

Figure 119. The day-ahead economics optimization results Dk , DGk  and BS SOC  curves at full 

microgrid mode on June 20th, 2018 with converter loss. 
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Figure 120. The day-ahead economics optimization results of power curves at full microgrid mode on 

June 20th, 2018 with converter loss. 

 

Figure 121. The day-ahead economics optimization results of converter loss power curves at full 

microgrid mode on June 20th, 2018. 

In Figure 121, the sum of the power loss of the converter is shown. The power loss varies with the 

power of every source. 

The day-ahead simulation results are shown in Table 28. In Table 28, it can be seen that the cost of 

DG in the optimization with the converter loss is more than the cost of DG in the optimization without 

the converter loss because of the power loss in the converters. Besides, the calculation time increases 

dramatically due to the power loss model in the day-ahead optimization, because of the introduction of 

the piecewise function for the power loss in converters. Thus, the optimization with converter loss above 

cannot be an optimization of real-time data update for a real-time controller in the PC. 
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Table 28. Simulation results of the day-ahead optimization. 

 optimization without 

converter loss 

optimization with 

converter loss 

Cpu time (s) 0.90625 283.281 

The sum of BSC  and GC  (c€) 11.2146 45.8134 

GC  (c€) 4.17044 33.9022 

BSC  c€) 7.04412 11.9113 

_PV SC  (c€) 58.3848 0 

_L DC  (c€) 0 27.6321 

DGC  (c€) 150.469 400.243 

_DG FC  (c€) 87.4692 232.243 

_ &DG O MC  (c€) 63 168 

TOTALC  (c€) 220.069 473.688 

 

IV.4.2.2. Real-time simulation results 

The following curves show the real-time simulation results listed in Table 27. 

The simulation results of case 1 are shown in Figure 122, Figure 123, and Figure 124. In Figure 122 

and Figure 123, the PV and load power profiles are used; at the beginning of the optimization results, 

the PV power is less than the load demand power, and the public grid is used to supply the load and the 

BS is recharged by the public grid because of the low public grid power tariff; at 6:25, the DG is turned 

on; at 6:45, the DG is turned off; then the DG is turned on nine times. The PV shedding happens at 12:50 

and 14:55. At the end of the optimization results, the public grid and BS are used to supply the load 

demand and recharge the BS. 

 

Figure 122. DC bus voltage and BS SOC  curves of case 1 at full microgrid mode on June 20th, 2018. 
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Figure 123. Power curves of case 1 at full microgrid mode on June 20th, 2018. 

The simulation results of case 2 are shown in Figure 124, Figure 125, and Figure 126. 

 

Figure 124. DC bus voltage and BS SOC  curves of case 2 at full microgrid mode on June 20th, 2018. 

 

Figure 125. Power curves of case 2 at full microgrid mode on June 20th, 2018. 

In Figure 124 and Figure 125, the PV and load power profiles are used; at the beginning of the 

optimization results, the PV power is less than the load demand power, the public grid is used to supply 

the load, and the rest power of the public grid is used to cancel the power loss in the converter and charge 

the BS; then, at 5:00, the SC is recharged by the public grid and the BS; then, the DG is turned on eleven 

times. The load shedding happens at 8:50 and 19:10. The PV shedding happens at 10:55 and 15:55. At 

the end of the optimization results, the public grid and BS are used to supply the load demand and power 

loss in the converter of the full DC microgrid and charge the BS. 
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Figure 126. The converter loss power curves of case 2 at full microgrid mode on June 20th, 2018. 

In Figure 126, the power loss curves of the converter of case 2 are shown. The power loss varies 

with the power of every source. 

The simulation results of case 3 are shown in Figure 127, Figure 128, and Figure 129. 

 

Figure 127. DC bus voltage and BS SOC  curves of case 3 at full microgrid mode on June 20th, 2018. 

 

Figure 128. Power curves of case 3 at full microgrid mode on June 20th, 2018. 

In Figure 127 and Figure 128, the fluctuation of the voltage of the DC bus is reduced by comparing 

it with the results in case 2. Compared with the results of Case 2, the power curve and the BS SOC  

curve have the same trend. 
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Figure 129. The converter loss power curves of case 3 at full microgrid mode on June 20th, 2018. 

In Figure 129, the power loss curves of the converter of case 3 are shown. The power loss varies 

with the power of every source, which is almost the same as the results in case 2. 

The simulation results of case 4 are shown in Figure 130, Figure 131, and Figure 132. 

 

Figure 130. DC bus voltage and BS SOC  curves of case 4 at full microgrid mode on June 20th, 2018. 

 

Figure 131. Power curves of case 4 at full microgrid mode on June 20th, 2018. 

In Figure 130 and Figure 131, the fluctuation of the voltage of the DC bus is reduced by comparing 

it with the results in case 2. Compared with the results of Case 2 and case 3, the number of the DG start-

up is reduced, and the BS is not recharged after 22:00. 
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Figure 132. The converter loss power curves of case 4 at full microgrid mode on June 20th, 2018. 

In Figure 132, the power loss curves of the converter of case 4 are shown. The power loss varies 

with the power of every source 

The simulation results of case 5 are shown in Figure 133, Figure 134, and Figure 135. 

 

Figure 133. DC bus voltage and BS SOC  curves of case 5 at full microgrid mode on June 20th, 2018. 

 

Figure 134. Power curves of case 5 at full microgrid mode on June 20th, 2018. 

In Figure 133 and Figure 134, the fluctuation of the voltage of the DC bus is reduced by comparing 

it with the results in case 2. Compared with the results of case 4, the number of the DG start-up is 

increased. 



-163/206- 

 

 

Figure 135. The converter loss power curves of case 5 at full microgrid mode on June 20th, 2018. 

In Figure 135, the power loss curves of the converter of case 5 are shown. The power loss varies 

with the power of every source. 

IV.4.2.3. Simulation results comparison and analysis  

The simulation results of every case are compared though the indexes: the root mean square 
_V BUS

, 

the total energy consumption of the load in the full DC microgrid LOADE , the total energy loss in all the 

converter in the full DC microgrid 
_ _CV LOSS SUME , the total supplied energy in the full DC microgrid 

SUPPLYE , the total cost of the full DC microgrid TOTALC , and the global efficiency of the full DC microgrid 

GLOBAL  in Table 29.  

Comparing the indexes in Table 29 and Table, the analyzes can achieve the following: 

1. Comparing case 1 and case 2, the power loss in the converter can lead to a bad power quality, a 

high-power cost, and a low global efficiency. 

2. The 
_V BUS  

in case 3 is less than the one in case 2, which proves that the real-time power 

management with the power loss in the converter can increase the DC bus power quality.  

3. Comparing GLOBAL  and TOTALC
 
in cases 4 within case 3, it proves that the day-ahead optimization 

without the power loss in the converter can increase the global power efficiency in the full DC 

microgrid and reduce the total cost. However, a little DC bus power quality sacrificed. 

4. The GLOBAL  and TOTALC
 
in case 5 are worse than the ones in case 3, and the reason is the day-

ahead optimization with the power loss in converter leads to a more power supply in the full DC 

microgrid. 
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Table 29. Simulation results of the cases. 

Case Date 
_V BUS

 
LOADE  (kWh) 

_ _CV LOSS SUME  (kWh) 

1 20062018 0.0440 17.1461 0 

2 20062018 0.1847 17.1197 1.9571 

3 20062018 0.0487 17.1255 1.9615 

4 20062018 0.0651 17.1507 1.9105 

5 20062018 0.0585 17.1363 2.0352 

 

Table 29 bis. Simulation results of the cases. 

Case 
SUPPLYE  (kWh) TOTALC  (c€) GLOBAL  

1 17.1523 667.1596 0.9996 

2 19.0814 793.3408 0.8972 

3 19.0917 795.3016 0.8970 

4 19.0665 743.3908 0.8995 

5 19.1764 839.8600 0.8936 

 

In general, case 4 shows the best results in the simulation above, which proves the effectiveness of 

the converter efficiency in power management and day-ahead optimization without considering the 

converter efficiency. 

IV.4.3. Simulation analyzes 

Based on the simulation above, it can be seen that the character of the conversion efficiency of the 

power converter can lead to a bad DC bus power quality in the full DC microgrid. The real-time power 

management considering the conversion efficiency of the power converter can reduce the bad influence 

of the power consumption in the converter. The day-ahead without considering the conversion 

efficiency of the power converter can reduce the total cost and increase the global power efficiency of 

the full DC microgrid. However, the day-ahead optimization with considering the conversion efficiency 

of the power converter gives a bad result, because the converter power consumption in the day-ahead 

optimization leads to a more power supply in the full DC microgrid, the most obvious increased power 

loss occurs at the converter connecting to the DG and the day-ahead optimization with considering the 

conversion efficiency controls the BS and public grid working at the same time, which also increases 

the power loss in the converter. 



-165/206- 

 

IV.5. Conclusion 

The power loss in the converter has a bad influence on the power quality and safety of power supply 

in a full DC microgrid, and the difficulty of the control algorithm is increased. This chapter provides an 

effective management algorithm that depends on the accuracy of the model to increase the quality of the 

power supply in a full DC microgrid. In addition, this chapter proposes an optimization algorithm that 

considers power loss in a full DC microgrid. The simulation results show that the optimization algorithm 

that does not consider power loss has a better effect. The reason for this phenomenon is that the power 

loss of the converter leads to more frequency of the DG start-up. The power loss of the converter 

increases the calculation complexity in the optimization, which increases in calculation time. Therefore, 

in future research, a random search algorithm to improve the efficiency of optimization will be applied 

to considering the non-linear constraints with limited computation time. 
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Chapter V. PV power prediction model 

In a DC microgrid supervisory system, taking into account the complexity of PV power prediction, 

the laboratory separates PV power prediction from the research of DC microgrid as another research 

direction. Therefore, this thesis in chapter 2 firstly uses the existing PV power prediction method, which 

is a simple model using the data directly obtained from website, to construct the full DC microgrid 

supervision system, and verifies the feasibility of the system. And then, we think increasing the times 

of optimization and accuracy of power prediction can improve the performance of the supervisory 

system.  

Thus, we conduct research on PV power prediction in chapter 5 to be ready for real-time 

optimization. 

In a DC microgrid, the optimization is very important to achieve intelligent power management in 

reducing the cost of the microgrid. However, it is highly dependent on the prediction of renewable 

energy and load [74]. In a building, load forecasting depends on the organization's users or personnel 

composition and some user or personal habits. Therefore, in the short-term load forecast relative to 

tertiary buildings development, it can be assumed that the predicted load does not change much from 

historical load data. The renewable energy prediction like PV power relies mainly on solar irradiation 

and PV cell temperature. In reference [91], some mathematical models connecting PV cell temperature 

and air condition are compared. The reference [92] shows some methods to predict the solar irradiation 

based on different prediction periods, sky images, statistical learning methods, satellite imagery, 

numerical weather prediction with model output statistics, and climatology. However, the calculation 

cost will be high to consider the influence of clouds, aerosols, and other atmospheric constituents, and 

also PV panel efficiency. The reference [93] and [94] give some more mathematic model to predict the 

solar irradiation based on the solar position and historical data. In reference [95], a simplified clear sky 

solar irradiation method is provided to be an easy way based on the position of the solar panels relative 

to the sun. In this chapter, we focus on the simple mathematic model based on the position because the 

model can be reliably applied in day-ahead [96-98] only with local computation. The day-ahead 

optimization is considered and used to schedule the power flow as in chapter II and IV. In day-ahead 

optimization the PV power prediction is an hourly prediction, is not enough for real-time optimization. 

The real-time optimization [99-101] is applied to manage the power flow in real-time need real-time PV 

power prediction data update with enough accuracy. In addition, the clear sky solar irradiation method 

can be used in real-time with the local real-time information, such as: cloud position, real-time 

atmospheric transmittance, etc. 
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V.1. Solar irradiation prediction model 

V.1.1. Clear sky model 

The clear sky model is based on the location of the PV panel. The basic calculation is the conversion 

between the local time and solar time, which is described as detail in references [93] and [94]. 

In reference [95] the detailed of the simplified clear sky model is shown. The beam radiation on 

earth can be simply expressed as equation (5. 1). 

 =  n

b scg g T   (5. 1) 

where bg  is the beam radiation on earth, scg  is the extra-terrestrials solar irradiation, T  is the 

atmospheric transmittance for short wave solar irradiance, and n  is the air mass coefficient 

approximately provided in equation (5. 2). 

 
1

cos( )
=

z

n   (5. 2) 

where  z  is the local zenith angle. 

The beam radiation on a given sloped surface is given as equation (5. 3). 

 cos( )= bg bg g   (5. 3) 

where   is the angle of incidence between the beam irradiance on the surface and the normal to the 

surface, which is approximately expressed in equation (5. 4). 

 

sin( ) sin( ) cos( ) sin( ) cos( ) cos( ) cos( )
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=    +    
+   

  (5. 4) 

where   is the declination of the sun at solar noon,   is local latitude,   is the slope angle between the 

plane and horizontal,   is surface azimuth angle,   is hour angle. 

The diffuse radiation is shown in equation (5. 5).  

 
(1 cos( ))

0.3 (1 ) cos( )
2




+
=  −  n

dg scg T g   (5. 5) 

Therefore, the total radiation on a surface is the sum of the beam radiation and diffuse radiation in 

equation (5. 6). 

 = +tg bg dgg g g   (5. 6) 
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V.1.2. Météo France model 

The Météo France model makes an hourly forecast several times per day including the accumulated 

ground solar radiation in J/m2. Since the data is free and sometimes the data is missing or cannot be 

updated in time, this data is suitable for application in day-ahead optimization. The advantage of the 

Météo France model is to save the local computing resources.  

V.2. Supervisory system in a full DC microgrid 

In this chapter, two solar prediction models are compared by applying them into the supervisory 

system in a full DC microgrid in Figure 136. 

In Figure 136. The real-time power management can deal with the real-time power flow to achieve 

the transient power balance in the full DC microgrid. The optimization can achieve long-term energy 

schedule in the full DC microgrid to reducing the total operation cost. In the optimization, the real-time 

optimization concerns the short-time energy management, the day-ahead optimization handles the 

energy management of the whole day. Besides, the power prediction can give the prediction results for 

the optimization based on the metadata. 

 

Figure 136. The supervisory system structure in a full DC microgrid with the power prediction model. 

V.3. Simulation verification 

The full DC microgrid simulation based on two solar prediction models is verified in 

MATLAB/Simulink; note that the optimization is done by using CPLEX [71]. 
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V.3.1. Simulation scenario 

The simulation is designed to evaluate the clear sky model by giving a comparison between the clear 

sky model and the Météo France model on the influence of the operation cost of the full DC microgrid 

considering the converter efficiency. The quality of the evaluation of the clear sky model should not be 

limited to only a few months of data. We should use at least one year of data to evaluate the model. As 

the comparison data from Météo France, the data on somedays cannot be got. Thus, we use only the 

data on the 15th of every month. And the 12 simulation results by using the clear sky model are 

compared with the 12 results by using the data from Météo France. There are three cases in the 

simulation, and every case is simulated 24 times in one year. 

The PV MPPT is calculated according to the recoded date in solar irradiation sensor installed beside 

the PV, the PV prediction power profiles are provided in the two models before. The load and load 

prediction power profiles are assumed to be the same every day given in II.6.5. The simulation parameter 

is given in II.6.5. 

Table 30. Simulation cases. 

Case Power loss in 

converter 

Converter 

efficiency in power 

management 

Day-ahead 

optimization without 

converter efficiency 

1 NO NO YES 

2 YES NO YES 

3 YES YES YES 

 

In Table 30, the three cases are listed in the table above based on if the power loss model of the 

converter is integrated into the simulation, if the power loss model of the converter efficiency is 

considered in the real-time power management strategy, and the day-ahead optimization without 

considering the power loss in the converter.  

Case 1 simulates the ideal converter without power loss. Case 2 simulates the real condition, 

considering the converter power loss model in the converter. Case 3 uses the converter efficiency in 

real-time power management based on case 2. Among the three cases, the day-ahead optimization 

without converter efficiency by using the clear sky model and Météo France model are applied. 

The three cases are applied to show the influence of the clear sky model and Météo France model in 

operation cost of the full DC microgrid if considering the power loss of the converter in the full DC 

microgrid or the real-time power management integrated with the converter efficiency. 
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V.3.2. Simulation results 

The simulation results of the three cases are given in V.3.2.1. The cost of every component in a full 

DC microgrid is compared below. 

V.3.2.1. Cases study results 

V.3.2.1.1 Case 1 

The following results show the simulation of case 1 listed in Table 31 and Table 32.  

In Table 31, the results by using the clear sky model are given. The highest total cost varies as the 

change of the season. The total cost in winter is higher than the total cost in summer, and the highest 

total cost is in January, the lowest total cost is in May.  

Table 31. Simulation results of case 1 of the clear sky model. 

Data 15/08/2018 15/09/2018 15/10/2018 15/11/2018 15/12/2018 15/01/2019 

The sum of 

BSC  and GC  

(c€) 

110.90 111.96 103.21 94.69 100.88 96.96 

_PV SC  (c€) 0.09 1.51 0 0 0 0 

_L DC  (c€) 34.80 3.92 0.07 51.10 53.28 48.81 

DGC  (c€) 1373.39 1061.41 1203.55 1854.75 1817.58 1869.46 

SCC  (c€) 5.17 5.07 5.14 5.60 5.58 5.58 

TOTALC  (c€) 1524.37 1183.89 1311.98 2006.16 1977.33 2020.83 
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Table 31 bis. Simulation results of case 1 of the clear sky model. 

Data 15/02/2019 15/03/2019 15/04/2019 15/05/2019 15/06/2019 15/07/2019 

The sum of 

BSC  and GC  

(c€) 

99.13 101.32 90.22 47.74 74.13 49.28 

_PV SC  (c€) 0 0 0 30.15 46.40 11.26 

_L DC  (c€) 0.01 47.64 0.01 0.01 0.65 0.01 

DGC  (c€) 1238.18 1761.47 517.32 316.08 478.04 390.75 

SCC  (c€) 5.14 5.39 4.32 4.047 4.50 4.28 

TOTALC  (c€) 1342.48 1915.83 611.88 398.05 603.73 455.60 

In Table 32, the results by using the Météo France model are given. The highest total cost is in 

January; the lowest total cost is in May like the results of the clear sky model. 
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Table 32. Simulation results of case 1 of the Météo France model. 

Data 15/08/2018 15/09/2018 15/10/2018 15/11/2018 15/12/2018 15/01/2019 

The sum of 

BSC  and GC  

(c€) 

107.62 109.04 94.50 94.42 99.06 100.90 

_PV SC  (c€) 0.54 4.08 0 0 0 0 

_L DC  (c€) 32.76 5.43 0.01 46.17 54.92 53.75 

DGC  (c€) 1367.35 1043.93 1302.68 1855.32 1834.79 1855.08 

SCC  (c€) 5.11 4.87 5.33 5.59 5.58 5.50 

TOTALC  (c€) 1513.40 1167.37 1402.54 2001.52 1994.37 2015.25 

 

Table 32 bis. Simulation results of case 1 of the Météo France model. 

Data 15/02/2019 15/03/2019 15/04/2019 15/05/2019 15/06/2019 15/07/2019 

The sum of 

BSC  and GC  

(c€) 

107.98 97.06 87.15 49.33 65.40 50.03 

_PV SC  (c€) 0 0 0 5.67 51.20 9.19 

_L DC  (c€) 0.01 55.93 0.01 1.66 0.41 1.83 

DGC  (c€) 1204.03 1799.30 530.43 315.84 540.53 388.92 

SCC  (c€) 5.12 5.54 4.32 4.09 4.60 4.28 

TOTALC  (c€) 1317.15 1957.85 621.93 376.62 662.15 454.27 

To compare the simulation results, the cost of the PV shedding and the load shedding and the total 

cost are respectively shown in Figure 137, Figure 138, and Figure 139. 



-173/206- 

 

 

Figure 137. The PV shedding cost comparison between the clear sky model and the Météo France 

model. 

 

Figure 138. The load shedding cost comparison between the clear sky model and the Météo France 

model. 

 

Figure 139. The total cost comparison between the clear sky model and the Météo France model. 

In Figure 137, Figure 138, and Figure 139, the results of the clear sky model are similar to the results 

of the Météo France model. Furthermore, comparing Figure 137 and Figure 139, it can be seen that the 

cost of PV shedding is high while the total cost is low. And comparing Figure 138 and Figure 139, a 

similar phenomenon is shown that the cost of load shedding is high while the total cost is high. 
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V.3.2.1.2 Case 2 

The following simulation gives the simulation results of case 2 listed in Table 33 and Table 34. In 

Table 33, the results by using the clear sky model are given. The highest total cost happens in December, 

and the lowest total cost happens in May, which also respects the results in case 1.  

Table 33. Simulation results of case 2 of the clear sky model. 

Data 15/08/2018 15/09/2018 15/10/2018 15/11/2018 15/12/2018 15/01/2019 

The sum of 

BSC  and GC  

(c€) 

104.06 110.24 102.89 83.07 82.00 87.52 

_PV SC  (c€) 0 0 0 0 0 0 

_L DC  (c€) 72.28 14.11 28.41 98.65 95.48 97.46 

DGC  (c€) 1677.94 1394.46 1520.44 2142.27 2182.55 2169.43 

SCC  (c€) 5.25 5.26 5.33 5.45 5.62 5.48 

TOTALC  (c€) 1859.55 1524.08 1657.08 2329.46 2365.66 2359.91 

 

Table 33 bis. Simulation results of case 2 of the clear sky model. 

Data 15/02/2019 15/03/2019 15/04/2019 15/05/2019 15/06/2019 15/07/2019 

The sum of 

BSC  and GC  

(c€) 

101.83 96.63 

96.41 

62.59 

77.66 64.93 

_PV SC  (c€) 0 0 0 0 20.81 0 

_L DC  (c€) 11.65 68.72 24.51 3.44 0.92 9.03 

DGC  (c€) 1589.21 2122.70 685.87 452.44 697.32 574.61 

SCC  (c€) 5.41 5.65 4.36 4.23 4.61 4.49 

TOTALC  (c€) 1708.12 2293.70 811.16 522.72 801.34 653.07 

 

In Table 34, the results by using the Météo France model are given. The highest total cost also 

happens in December, and the lowest total cost happens in May, which is similar to the results in the 

clear sky model.  
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Table 34. Simulation results of case 2 of the Météo France model. 

Data 15/08/2018 15/09/2018 15/10/2018 15/11/2018 15/12/2018 15/01/2019 

The sum of 

BSC  and GC  

(c€) 

102.17 108.37 94.92 87.18 82.98 94.97 

_PV SC  (c€) 0 0 0 0 0 0 

_L DC  (c€) 51.73 28.55 18.74 90.93 93.28 88.51 

DGC  (c€) 1665.63 1369.93 1620.32 2159.83 2182.45 2155.63 

SCC  (c€) 5.16 5.22 5.45 5.51 5.62 5.47 

TOTALC  (c€) 1824.70 1512.08 1739.44 2343.46 2364.34 2344.59 

 

Table 34 bis. Simulation results of case 2 of the Météo France model. 

Data 15/02/2019 15/03/2019 15/04/2019 15/05/2019 15/06/2019 15/07/2019 

The sum of 

BSC  and GC  

(c€) 

96.94 89.30 98.25 63.53 74.78 64.16 

_PV SC  (c€) 0 0 0 0 33.93 0 

_L DC  (c€) 11.65 93.59 18.37 5.47 1.28 9.31 

DGC  (c€) 1607.21 2112.90 730.14 467.95 791.77 568.22 

SCC  (c€) 5.48 5.58 4.53 4.27 4.88 4.48 

TOTALC  (c€) 1721.29 2301.38 851.31 541.23 906.65 646.18 

The cost of the PV shedding and the load shedding and the total cost are respectively shown in 

Figure 140, Figure 141, and Figure 142. 



-176/206- 

 

 

Figure 140. The PV shedding cost comparison between the clear sky model and the Météo France 

model. 

 

Figure 141. The load shedding cost comparison between the clear sky model and the Météo France 

model. 

 

Figure 142. The total cost comparison between the clear sky model and the Météo France model. 

In Figure 140, Figure 141, and Figure 142, we can draw similar results like the ones shown in case 

1. The difference is that the cost of the PV shedding between the clear sky mode and the Météo France 

model has a bigger difference than the results in case 1. The load shedding is higher than the results in 

case 1 because of the power loss in the converter. 
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V.3.2.1.3 Case 3 

The following simulation gives the simulation results of case 3 listed in Table 35 and Table 36. In 

Table 35 , the results by using the clear sky model are given. These results are almost similar to the clear 

sky model in case 2. 

Table 35. Simulation results of case 3 of the clear sky model. 

Data 15/08/2018 15/09/2018 15/10/2018 15/11/2018 15/12/2018 15/01/2019 

The sum of 

BSC  and GC  

(c€) 

103.63 109.73 103.74 82.78 82.30 87.44 

_PV SC  (c€) 0 0.05 0 0 0 0 

_L DC  (c€) 64.84 14.27 18.52 100.86 96.08 98.89 

DGC  (c€) 1705.57 1402.80 1540.34 2148.72 2187.67 2175.49 

SCC  (c€) 5.25 5.28 5.37 5.47 5.63 5.50 

TOTALC  (c€) 1879.30 1532.15 1667.97 2337.84 2371.69 2367.32 

 

Table 35. Simulation results of case 3 of the clear sky model. 

Data 15/02/2019 15/03/2019 15/04/2019 15/05/2019 15/06/2019 15/07/2019 

The sum of 

BSC  and GC  

(c€) 

101.31 96.57 101.71 61.32 77.84 65.82 

_PV SC  (c€) 0 0 0 0 22.51 0 

_L DC  (c€) 11.81 69.53 10.51 5.80 8.04 1.29 

DGC  (c€) 1592.66 2129.64 684.83 468.38 694.45 601.62 

SCC  (c€) 5.40 5.65 4.29 4.21 4.61 4.48 

TOTALC  (c€) 1711.19 2301.40 801.34 539.73 807.46 673.23 

In Table 36, the results by using the Météo France model are given. These results are almost similar 

to the Météo France model in case 2. 

  



-178/206- 

 

Table 36. Simulation results of case 3 of the Météo France model. 

Data 15/08/2018 15/09/2018 15/10/2018 15/11/2018 15/12/2018 15/01/2019 

The sum of 

BSC  and GC  

(c€) 

102.45 107.91 95.51 86.92 83.34 94.94 

_PV SC  (c€) 0 0 0 0 0 0 

_L DC  (c€) 51.99 15.74 18.90 93.11 94.26 89.39 

DGC  (c€) 1671.24 1379.39 1624.72 2165.76 2187.31 2161.72 

SCC  (c€) 5.18 5.17 5.45 5.52 5.63 5.48 

TOTALC  (c€) 1830.88 1508.22 1744.60 2351.32 2370.56 2351.55 

 

Table 36. Simulation results of case 3 of the Météo France model. 

Data 15/02/2019 15/03/2019 15/04/2019 15/05/2019 15/06/2019 15/07/2019 

The sum of 

BSC  and GC  

(c€) 

97.80 89.56 96.50 61.83 75.76 60.64 

_PV SC  (c€) 0 0 0 0 33.00 9.82 

_L DC  (c€) 11.80 94.41 9.38 8.19 2.01 1.29 

DGC  (c€) 1614.79 2118.33 732.49 465.83 790.77 612.87 

SCC  (c€) 5.49 5.59 4.45 4.20 4.79 4.45 

TOTALC  (c€) 1729.89 2307.90 842.83 540.06 906.34 689.09 

The cost of the PV shedding and the load shedding and the total cost are respectively shown in 

Figure 143, Figure 144, and Figure 145. 
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Figure 143. The PV shedding cost comparison between the clear sky model and the Météo France 

model. 

 

Figure 144. The load shedding cost comparison between the clear sky model and the Météo France 

model. 

 

Figure 145. The total cost comparison between the clear sky model and the Météo France model. 

In Figure 143, Figure 144, and Figure 145, we can draw similar results like the ones shown in case 

2. 

V.3.2.2. Simulation results comparison and analysis  

The simulation results are compared through the indexes: the average difference of cost AVR , and 

a percentage of AVR  and the average cost of the Météo France model AVRS  in Table 37. 
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Table 37. Simulation results of the cases. 

Case 
PVSAVR (c€) LDSAVR (c€) AVRTOTAL (c€) _AVR PVSS  

_AVR LDSS  
_AVR TOTALS  

1 1.56 -1.04 -11.02 0.12% 0.08% 0.85% 

2 -1.09 1.10 -17.56 0.06% 0.06% 1.10% 

3 -1.68 0.82 -15.21 0.10% 0.05% 0.95% 

Comparing the indexes in Table 37, the analyzes can achieve the following: 

1. In case 1, we can see that the AVR PVS  is positive representing that the clear sky model leads to 

more cost than the Météo France model in PV power shedding, the AVR LDS  is negative 

representing that the clear sky model achieves less cost than the Météo France model in load 

power shedding. AVRTOTAL  is positive also representing the same results as AVR LDS . However, 

those cost differences between the clear sky model and the Météo France model are very small 

shown the indexes, 
_AVR PVSS , 

_AVR LDSS  and 
_AVR TOTALS . 

2. Case 2 and 3 have the same results as case 1, and the AVR PVS  and AVR LDS  in case 2 and case 3 

are opposite to case 1 because of the influence of the power loss in the converters. 

V.3.3. Simulation analyzes 

The results of the clear sky model are close to the results of the Météo France model. Thus, the 

results of the two models have no big difference in three conditions, the ideal converter without 

considering converter efficiency, the conversion efficiency of the power converter, and power 

management considering the power converter efficiency. Besides, the cost varies as the month, the total 

cost in winter is higher than the total cost in summer. 

V.4. Conclusion 

The PV prediction is the key for the optimization of the full DC microgrid, which is deciding the 

results of the operation cost of the full DC microgrid and can be calculated according to the solar 

irradiation on the PV panel. Luckily, there are many ways to get solar information for the PV power 

prediction, this chapter proposes to compare two simple methods, the clear sky model and the Météo 

France model. The clear sky model is simplified to be suitable for a quick calculation to get the solar 

irradiation. 

In this chapter, firstly, the clear sky model and the Météo France model are introduced. Then the 

supervisory system of the full DC microgrid is given to valid the two models before. The simulation 

scenario is designed to be three cases for a comprehensive validation. By comparing the three simulation 
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cases in one year, we can know that the clear sky model has a similar effect to the Météo France model 

in the optimization of the full DC microgrid. Meanwhile, we can conclude that the total cost of the full 

DC microgrid varies with the seasons, and the total cost in winter is higher than the total cost in summer 

because of the changes in solar irradiation. The clear sky model is a powerful alternative model when 

there are problems with the Météo France model data acquisition, for example, there is no internet, or 

the official website does not upload data in time. Also, the clear sky model can be used in the real-time 

optimization by a model prediction controller with considering the local real-time information, such as: 

cloud position, real-time atmospheric transmittance, etc. 
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General conclusions and perspectives 

In the long history of the electric power system, the power generation, the power transmission, and 

the power distribution, have been developing and progressing continuously, integrating modern science 

and technology, in order to better serve users. Nowadays, with the continuous growth of global 

electricity consumption, energy demand continues to increase. However, the environmental carrying 

capacity and natural resources restrict the increase of traditional energy sources with mature 

technologies. Therefore, the challenge in the energy field has prompted mankind to continuously 

develop renewable energy. In recent years, the cost of PV energy has been decreasing year by year, 

prompting the establishment of large-scale renewable energy power plants. However, the collection and 

utilization of renewable energy requires strong energy management capabilities, and the integrated 

storage of renewable energy power generation can better ensure the effective use of renewable energy. 

However, large-scale PV power plants need to take up a large area, and wind power plants may impact 

the environment, so these large-scale power plants here are more suitable to be built in remote areas. If 

a large number of renewable energy power plants are built, the transmission of electricity will be a 

considerable cost. Therefore, the current research believes that the PV energy installed on the roof and 

locally consumed can effectively reduce the use of public grid energy and relieve the pressure on the 

public grid. Thus, the microgrid came into being. The wide application of microgrid has reduced the 

operating pressure of the power grid and increased the penetration and utilization rate of renewable 

energy. However, the initial investment cost of establishing a microgrid is still considerable. With the 

continuous development of equipment and devices, people believe that the cost of microgrids will 

decrease year by year. 

Microgrid is becoming more and more mature, and the application of microgrids is becoming more 

and more widespread. The core of microgrid is the efficient bi-directional power converter, efficient and 

fast controller, mature energy, and power management system. The DC microgrid is simpler and more 

efficient with less converter to directly supply the DC appliances for local prosumers than AC microgrid. 

Thus, in this thesis, the research focuses on the power and energy management system in DC microgrid, 

which is also called microgrid supervisory system. In the supervisory system, there are many challenges 

that are required to be solved, such as the intermittency of the PV sources, the efficiency of the bi-

directional converter, the controller, the power balance in the microgrid, the physical limitations of the 

device, the multi-time scale optimization considering multiple optimization objectives of microgrid.  

In DC microgrid, there are two main operation models, grid-connected mode, and off-grid mode 

inluding islanded mode and isolated mode. Firstly, the thesis is aiming to propose a supervisory system 

for both grid-connected model and off-grid model, which is called full microgrid supervisory system in 

this thesis. The supervisory has two main layers and they need to be design, the operational layer, and 

the optimization layer. In the operational layer of the full DC microgrid, the sources from both grid-
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connected model and off-grid model are considered; the renewable sources have the priority to supply 

the load demand; if the renewable sources cannot deal with the load demand, then the public grid and 

the BS is used to supply or store the rest power; the back-up sources can supply the load demand if the 

other components cannot supply the load demand. Therefore, the real-time load demand optimization is 

introduced in the operational layer. Thus, the power in the full DC microgrid can exchange power with 

the public grid and the back-up sources can also give a guarantee to the load demand. In the optimization 

layer, the day-ahead optimization is done considering the constraints of every component. In the day-

ahead optimization, the objective is to minimize the total operation cost. Thus, the tariff of the 

components in the DC microgrid is pre-defined. Then, the day-ahead optimization is formulated 

considering the almost the same rule as the operational layer in order to make the constraints of the 

optimization close to the condition as the operational layer. It is important if the supervisory system can 

operate in 24 hours, which means whether the supervisory system can be applied in actual scenarios. In 

order to achieve the 24 hours’ operation of the supervisory system, the rule of the operational layer and 

the day-ahead optimization are modified to suitable for the 24 hours’ operation. 

Then, the thesis is aiming to consider the non-linear constraints of the dynamic efficiency of the 

converter in the full DC microgrid. If the power loss is not considered, the stability of the system will 

become lower, and the energy loss of the system may increase. Thus, the thesis is focused on the non-

linear constraints in optimization that are difficult to solve with the pure mathematical solver. Thus, we 

seek new methods to approximate non-linear constraints. The piecewise function is easy method to 

linearize the non-linear constraints, the disadvantage is that the constraints is increased with new linear 

constraints which is approximated from the non-linear constraints.  

The proposed supervisory system is reliable to the prediction accuracy of the PV power and load 

demand power. In this thesis, the research is based on a real case of the university building. Before the 

research of the load demand prediction, the load data and load prediction data of this university are got 

from the EDF company, which are almost the same with little difference. Thus, in the research of the 

load demand prediction, it is assumed that the load demand prediction is close to the real load demand. 

However, in the research of PV power prediction, the PV power is very dependent on the solar irradiation. 

Thus, to get an accuracy solar irradiation on a surface is the key to calculate the accuracy PV prediction 

power. Fortunately, it is easy to get the solar irradiation from Meteo France, however it is quite difficult 

to get accuracy prediction irradiation because of the intermitted PV power. Sometimes, the free solar 

irradiation cannot be got in somedays, which give a bad influence on the DC microgrid cost. Thus, this 

thesis compares a solar irradiation prediction model, which can work at any time with only the 

information of the geographic information of the PV panel with a little computation.  

After concluding the main research work of this thesis, the originality of this thesis concludes as 

given below.  
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Firstly, this thesis considering the advantage of the grid-connected and off-grid model of a DC 

microgrid, proposed a full DC microgrid. Then, this thesis designed a supervisory system for the full 

DC microgrid. In the proposed DC microgrid, the real-time load demand optimization is applied, and 

the SC is used to supple the power deficiency while the DG start-up. Then, in the proposed supervisory 

system, the day-ahead optimization problem is formulated and solved by CPLEX. Furthermore, the 

supervisory system can operate in 24 hours. The results show the advanced of the full DC microgrid 

with the proposed supervisory system. The less load shedding is achieved with a less increased cost. 

Thus, this full DC microgrid with the proposed supervisory system has a better performance than the 

DC microgrid only considering the grid-connected model or the off-grid model. 

Secondly, this thesis considers the converter efficiency in the DC microgrid supervisory system. The 

operational layer of the supervisory system can apply the converter model to calculate the power loss of 

the converter in real-time, which is regarded as the power complementary in converter by using the 

controller. Then, this thesis also considers the power loss of the converter in the optimization layer of 

the supervisory system. The day-ahead optimization problem is formulated considering the linearized 

power loss constraints. The simulation results show the operational layer considering the power loss can 

reduce the fluctuation of the DC bus voltage, and the day-ahead optimization can reduce the overall 

operation cost the DC microgrid.  

Thirdly, this thesis concentrates on the PV power prediction. Thus, this thesis compares two model 

for the solar irradiation prediction. The results show that the two have almost the same results in the 

proposed full DC microgrid. 

The accomplished work during this thesis opens up several perspectives, which are also the key 

points needed to be improved.  

Firstly, the real-time power management strategy in the operational layer of the full DC microgrid 

is too regular that the power management should be modified when the full DC microgrid is changed. 

Then, in order to formulate the same problem as the power management strategy in the operational layer, 

the constraints of the day-ahead optimization are too strict. The better way is to formulate the least 

constraints in ensuring the safety of the DC microgrid, and the new optimization problem can be solved 

in real-time. 

Secondly, it is an improvement to consider the dynamic efficiency of the converter in DC microgrid 

supervisory system. The simulation results also show the effectiveness of the real-time power 

management considering the dynamic efficiency of the converter. The drawback is that the results is not 

good when the day-ahead optimization considering the dynamic efficiency of the converter is used. The 

reason is that the inconsistent between the real-time power management strategy in the operational layer 

of the DC microgrid and the day-ahead optimization in the optimization layer. The real-time power 

management strategy has its rule to optimize the real-time power. However, the rule in the power 

management strategy is too difficult to formulate in the day-ahead optimization problem. Thus, the day-
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ahead optimization is to solve a problem, which is close to the rule in the power management strategy. 

Furthermore, if the day-ahead optimization cannot solve the problem with non-linear constraints of the 

dynamic efficiency of the converter in real-time, the results will be improved when the real-time 

management strategy can introduce the real-time optimization results. 

Thirdly, the day-ahead optimization in the DC microgrid is very dependent on the accuracy of the 

PV power prediction and load power prediction. However, the prediction model cannot give a more 

accuracy prediction result. Although the CK model can achieve the results close to the results of the MF 

model with a little computation, the CK model cannot make the accuracy real-time prediction and also 

does not consider the real environment with cloud and building. Thus, it is necessary to build a better 

PV prediction model considering the real environment.  

To sum up, the thesis proposes a full DC microgrid gathering the advantages of the DC microgrid 

operating at grid-connected model and the DC microgrid operating at off-grid model. Then, the 

supervisory system is proposed for the full DC microgrid. In the real-time power management layer of 

the supervisory system, a rule is used based on the tariff of every component to optimize the power at 

real-time, and a load demand optimization is applied to optimize the load at real-time. Then, a day-ahead 

optimization is proposed to optimize the power flow and achieve global minimal cost. In addition, the 

full DC microgrid can operate for 24 hours with a supervisory system for 24 hours. Then, considering 

the dynamic efficiency of the converter, the thesis proposes a new supervisory system to reduce the 

power loss in converter and get more stable DC bus voltage. Then the thesis compares two model to be 

used in the PV power prediction. The results show the proposed full DC microgrid and supervisory 

system gives a reference for the application of the DC microgrid. 

In future work, an advanced problem for DC micorgrid should be built considering the non-linear 

constaints in the DC microgrid. The computation of the proposed problem should be fast to satisfy the 

real-time regularition of the DC microgrid. Furthermore, the decentralized supervisory system is a 

competitive method with some distributed consensus theory, such as mult-agent system with a 

negotiation technology. Also, the artificial intelligence can be considered as an advanced modeling 

method to the DC microgrid to directly build a model for the relationship among variables only 

considering massive input and output data. In general, an intelligent microgrid with less cost enhanced 

security, eco-friendly, and easy access is the future power grid. 
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