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Abstract 

 

This thesis investigates the long-term optimal scheduling algorithm proposed for the 

energy storage system, to better organize charging/discharging action of battery for the 

economic operation in a PV grid-connected household nano-grid system. To fulfill this 

goal, the household nano-grid is modeled, including PV module, energy storage system, 

DC/AC inverter and their corresponding controllers. Battery is used to execute the optimal 

power command scheduled by long-term optimal scheduling algorithm. The optimal power 

scheduling algorithm is based on the rolling optimization method, which can realize the 

minimum operational cost of the PV nano-grid system. Moreover, a smoothing function is 

introduced to alleviate the power fluctuation of the exchanging power between PV nano-

grid system and the main power grid caused by PV and residential loads. The validity of 

the proposed energy management strategy in upper Energy Management System (EMS) 

has been examined using simulations in MATLAB/Simpower. 
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1    Chapter: Introduction 

1.1 Background 

In the past decade, there has been an increasing research effort of distributed generation 

energy conducted [1]. However, due to the stochastic and intermittent nature of distributed 

renewable resources, the high penetration of renewable generation energy has a negative 

influence on stability and reliability of power grids [2]. The concept of micro-grid, 

consisting of distributed renewable resources, distributed storage units and loads, has been 

proposed to enhance the stability and reliability of power grids and make conventional 

power grids suitable for distributed renewable generations. The similar concept can also be 

extended to residences and small building, which is termed as Nano-grids [3]. 

 

Depending on different voltage levels of distribution system and grid-connected manners, 

microgrids have three scale-levels: high-voltage distribution substation level, medium-

voltage feeder level, and low-voltage microgrids [4]. Nano-grids is a low voltage microgrid 

at household-user end. A household nano-grid system is comprised of renewable energy 

resources such as Photovoltaic (PV) and wind, an interface to a local utility grid, energy 

storage units, and customer loads [3]. Bi-directional power flow and real-time interactive 

information flow can be achieved by nano-grids, providing significant convenience for the 

balance between suppliers and customers [5]. As it is noticed, the intermittent nature of 

distributed renewable resources has an adverse impact on the reliable operation of nano-

grid systems. Therefore, energy storage systems should be used to cooperate with 

distributed renewable generations, being able to store energy surplus and be discharged 

when energy deficit happens or electricity price is high offered by main power grid [6]. 



 5 

Energy Management System (EMS) can improve some concerns of customers such as 

power quality, comfort level and electricity consumption cost. With the application of 

energy storage systems, an EMS has been recognized as an efficient approach to realize 

power interacting with distributed renewable resources, energy storage systems and main 

grid. Without the EMS, it is difficult for nano-grids to operate harmoniously with main 

grid in a stable and reliable state. 

 

1.2 Literature Review of Grid-Connected Household Nano-Grid Management  

1.2.1 Development of Grid-Connected Household Nano-Grid System 

A grid-connected household nano-grid system is becoming a key role to meet the high 

demand of energy consumption and reduce fossil fuel consumption. In South Australia, 

household grid-connected nano-grid systems based on solar PV have been deployed with 

a significant growth. There are 25% households which installed solar PV and there are 

about 65% people living in some suburbs using solar PV [7]. Solar PV counts for 11% 

(663MW) of the total capacity and 7% (857GWh) of the annual generation [7]. In 

Bangladesh, the number of households using nano-grids based on solar home system has 

been growing at a dramatic rate in past few years [8]. Today, there are more than 50000 

solar home systems installed every month [9]. And it is recognized as one of the most 

successful solar programs in the world [8]. 

 

1.2.2 An Overview of EMS 

1) Consideration of Serval Factors before EMS Making Decisions 

An EMS should consider serval factors before making decisions. Firstly, if the electricity 
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price of main power grid changes, the demand for customer load should be reconsidered 

[10]. In addition, charging/discharging power of energy storage units should be modified 

as a way to reduce the cost of electricity consumption [11]. Furthermore, with the adequate 

distributed renewable resources, the utilization ratio of these renewable resources should 

be improved [12]. Moreover, due to the intermittency of distributed energy resources, it is 

necessary to alleviate the power fluctuation between household grid-connected nano-grids 

and distribution network. 

 

2) Data Prediction of EMS 

In the EMS, there are roughly three groups of data. The first group is data interacting 

between customer and grid-connected household nano-grids such as the demand for 

electricity and parameters of controllable loads [13]. The second data group is the 

information that is interactive between grid-connected household nano-grids and main 

power grid such as real-time electricity price. The third group of data is the power output 

of distributed renewable energy. The first and third group of data are difficult to predict. 

However, it is relatively easier to predict the data of power output of distributed renewable 

energy provided that the specific weather condition can be known. 

 

3) Time Resolution of EMS 

Time resolutions of EMS can be from day-ahead level to minute’s level. For investors, it 

is crucial to utilize a technique with lower cost on the control system of grid-connected 

household nano-grids. This objective can be achieved by applying “plug and play” 

technique that is based on power electronic technology. For instance, an EMS is integrated 
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as the algorithm module of the monitoring system in a grid-connected household nano-

grids. Computer or embedded terminal systems are usually taken as the operating systems. 

Therefore, considering the restraints of the hardware, the complexity of EMS should be 

limited [14]. 

 

1.3 PV Grid-Connected Household Nano-Grid System 

1.3.1 Characteristic of Grid-Connected Household Nano-Grid System 

In a grid-connected household nano-grid system, how residential households use electrical 

appliances is of great importance for a comprehensive understanding on electrical energy 

consumption. Residential electrical appliances are loads which are relatively low power 

demand in comparison with loads in grid-connected buildings/industry microgrid system. 

Large appliances are responsible for approximately 30% of all electricity consumption in 

the US for residential households [15]. There are four large appliances most commonly 

used in the US including refrigerators, clothes washer, clothes dryers, and dishwasher [16]. 

Because of the high penetration of these four large appliances, the four large appliances 

have been considered as main customer loads when cooperating with grid-connected 

household nano-grid system. Figure 1.1 shows the annual energy use of four large 

appliances compared to data shown in the Residential Energy Consumption Survey 

(RECS) (2009) [17]. 
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Figure 1.1 Appliance Annual Energy Use (kWh) compared to data in 2009 RECS 

 

From Figure 1.1, it is found that the energy use of refrigerators and clothes dryers have 

been increasing dramatically, playing a dominated role in electrical energy consumption. 

 

1.3.2 The Structure and EMS of PV Grid-Connected Household Nano-Grid 

System 

Nano-grid systems, which are basic building blocks of micro-grids, generally are small-

scale grid-connected household systems. A PV grid-connected household nano-grid system 

consists of PV module, energy storage units, EMS and loads. A simple structure of PV 

grid-connected household nano-grid system is shown as Figure 1.2 [18].  
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Figure 1.2 The structure of a nano-grid system 

 

A PV grid-connected household nano-grid system has its small-scale generation and loads. 

PV, which is inexpensive and environmental-friendly, is a logical solution to use 

distributed energy resources for residential nano-grid systems. However, due to its 

intermittent nature, energy storage units need to be in conjunction with PV generation to 

ensure the stable operation of power grids. Batteries are widely used for energy storage 

units due to its functionality and low price. The reason to use batteries as energy storage 

units is that batteries have the ability of relieving power fluctuation from PV generation. 

Batteries discharge power when PV generation cannot release enough power, while 

batteries can be charged when PV generation have power surplus.  
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EMS can manage the power interacted with PV generation, energy storage units, residential 

loads and main power grid by monitoring the electricity-generating capacity of PV 

generation, the power consumption of residential load, main grid price and batteries’ state 

of charge (SOC). EMS will store energy surplus that could be discharged upon energy 

deficit or high electricity price offered by main power grid [6]. On the other hand, if the 

demand of electricity cannot be satisfied or electricity price is low, EMS can buy electricity 

from main power grid. It can determine to buy electricity from main power grid or sell 

electricity to main power grid. Therefore, minimizing the operational cost of a PV grid-

connected household nano-grid system is achieved and the comfort of living also needs to 

be satisfied by implementing EMS. 

 

1.4 Motivation and Thesis Objectives 

In this thesis, considering the stochastic nature of household electricity demand, the 

intermittency of PV generation and real-time electricity price, the EMS of a PV grid-

connected household nano-grid system is proposed to achieve the minimum operational 

cost. Energy management strategy of the EMS realizes the power coordination among PV 

module, residential loads, energy storage system and the main power grid. This thesis 

designs an optimal scheduling methodology for the energy storage system in the PV grid-

connected household nano-grid system. Furthermore, a smoothing function is added into 

the optimal scheduling algorithm to relieve the fluctuation of the exchanging power 

between the household nano-grid system and main grid, caused by the intermittency of the 

PV power and residential loads. The specific goals of this research are listed below: 

 



 11 

1) The PV grid-connected household system has been modeled in 

MATLAB/Simpower, including PV module, PV DC/DC boost converter, single phase full-

bridge DC/AC inverter, battery, supercapacitor and bi-directional DC/DC buck/boost 

converters in energy storage module, as well as their controllers. 

 

2) An optimal scheduling scheme is designed for the energy storage system, based on 

the rolling optimization, considering multiple variables and constraints. By modeling 

battery SOC, PV power output, power consumption of residential loads, Time-of-Use 

(ToU) electricity price and multiple constraints, the minimum operational cost is chosen as 

the objective, to realize the optimal battery charging/discharging in the PV nano-grid 

system. Furthermore, with the utilization of the smoothing function, the fluctuation of the 

exchanging power between the household nano-grid system and main grid can be relieved.    

 

3) The optimal scheduling scheme of the energy storage system and the smoothing 

function have been investigated through simulations of the PV grid-connected nano-grid, 

based on historical load data. 

 

In this thesis, the novelty of the proposed energy management strategy, which is focusing 

on PV nano-grid system, not only designs a long-term optimal scheduling to achieve the 

minimum operational cost for customers to realize economic operation of PV nano-grid 

system but also a smoothing function to smooth fluctuation on the exchange of power 

between PV nano-grid and main power grid to ensure the reliable operation for the main 

power grid. 
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1.5 Thesis Organization  

The reminders of the thesis are organized as follows:  

 

Chapter 2 provides a detailed literature review in terms of EMS of grid-connected 

household nano-grid systems. 

 

Chapter 3 shows models and related control strategies of each unit in the PV grid-connected 

household nano-grid system. For PV generation, Maximum Power Point Tracking (MPPT) 

technique has been utilized. Then, for the energy storage system, the constant power 

control strategy is used. Furthermore, for single phase full-bridge DC/AC inverter, the 

constant voltage control is utilized, which realizes the grid-connection and voltage stability 

of DC bus bar. In MATLAB/Simpower, the PV grid-connected household nano-grid 

system is modeled and simulated. Simulation results at various operating conditions can 

prove the correctness of the listed control strategies. 

 

Chapter 4 introduces the long-term optimal scheduling algorithm and a power fluctuation 

smoothing function for the power fluctuation in the PV grid-connected household nano-

grid. Various simulations are conducted to prove the proposed methodology in 

MATLAB/Simpower. The simulation results show that the smoothing function can reduce 

the fluctuation of the exchanging power between the nano-grid and the main grid. In 

addition, typical day’s data in four seasons are used to analyze the performance of the 

optimal scheduling algorithm. Based on the simulation studies, it is known that the smallest 

operational cost of the nano-grid is achieved in spring, while the largest operation cost is 
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in winter. In the end, the nano-grid under four typical weather conditions in summer are 

investigated including sunny, cloud moving, sunny to cloudy, and rainy to cloudy. The 

results show that the smallest operation cost of the nano-grid is made in the sunny day, 

while the largest operational cost is made under a rainy to cloudy weather condition. 

 

Chapter 5 concludes the thesis and points out the future work. 
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2    Chapter: Literature Review of EMS in Grid-Connected Household 

Nano-Grid System 

EMS is implemented in grid-connected household nano-grid system to achieve the 

optimization of power scheduling and dispatch by ensuring the efficient operation of nano-

grid systems. EMS has the functionality of optimizing power dispatch, real-time 

monitoring [19] [20]. In [21] [22], EMS contains two functions. The first function can 

guarantee the power quality of residential load as well as the power balance among 

distributed energy resources, energy storage systems, residential loads and main power 

grid. The second function can optimize the power dispatch of charging/discharging power 

of the energy storage system and exchange of power on the tie line as a way to minimize 

the operational costs and improve the energy utilization of distributed energy resources.   

 

2.1 An Overview of Research on EMS 

Smart grids have been emerging in recent twenty years [23]. Nano-grids have similar EMS 

with micro-grid, are smaller and technologically simper microgrid, typically serving a 

single building [24]. There are many famous experimental microgrids and microgrid test-

beds built and equipped with relevant EMS all over the world in the past decade [25]. A 

few distinguished microgrid projects are summarized as follows. 

 

In America, Consortium for Electric Reliability Technology Solution (CERTS) built a 

demonstration microgrid at a full-scale test bed built near Columbus, OH and it was 

operated by American Electric Power [26]. This test bed is comprised of battery, 

combustion gas turbine, controllable loads and some sensitive loads. CERTS Microgrid 
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Laboratory Test Bed project shows the feasibility of integrating small energy sources into 

a microgrid, which includes the autonomous sources with plug-and-play functionality. The 

main technique of EMS in the CERTS microgrid is the method for realizing automatic and 

seamless transitions between grid-connected and islanded modes of operation. In addition, 

CERTS microgrid concept attains stable behaviors at critical operations points. 

 

In Germany, Am Steinweg microgrid is controlled by an EMS called Power flow and 

Power Quality Management System (PQMS) [27]. PQMS, which consists of centralized 

process unit and couple controllable interface boxes, has the functionality of distribution 

network management, distributed energy generation and demand-side management. Data 

monitoring system can communicate with centralized processor unit utilizing Transmission 

Control Protocol/Internet Protocol (TCP/IP) through controllable interface boxes. 

Furthermore, the laboratory-scale microgrid system built by National Technical University 

of Athens (NTUA), is comprised of PV arrays, wind turbine, a battery energy storage and 

controllable loads [28]. MAS (Multi-Agent System) based on Java Agent Development 

Framework (Jade) 3.0 platform is deployed as EMS of this microgrid. Jade is a Java-based 

tool for developing MAS systems. Moreover, Bronsbergen resort microgrid project funded 

by European Union deploys centralized control method [29]. Power on every feeder in this 

microgrid is transmitted from the monitoring system to the central controller that can 

communicate with dispatching center by Global System for Mobile (GSM) 

Communications. The central controller is also responsible for the seamless transition 

between grid-connected and island modes. 
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In Japan, Microgrid built by New Energy and Industrial Technology Development 

Organization (NEDO) in Hachinohe has been put into operation since October 2005 [30]. 

This microgrid is 6.6kV radial distribution network connecting three 170kW gas engine, 

1130kW PV generation, 120kW wind turbine and one 100kW battery. Centralized control 

method is applied as EMS for this microgrid. With the deployment of fiber optical 

communication, central controller can achieve power dispatch for distributed energy 

generations and energy storage system. 

 

With the review of EMS in different microgrid projects, an EMS generally includes 

generation-side management and demand-side management. Generation-side management 

focuses on distributed energy generation, energy storage system and distribution network 

while demand-side management emphasizes on hierarchical loads. In terms of the structure 

of EMS, America is inclined to utilize autonomous control. Centralized control has been 

more recognized in Japan. In Europe, centralized control and agent-based control are 

mainly used. However, centralized control is still the mainstream method for EMS now. 

Varieties of optimal algorithms are developed in top layer to schedule the power output of 

generation units so that controllers in bottom layer can receive the command sent from top 

layer to control power output of generation units.  

 

2.2 The Main Management Targets of EMS 

2.2.1 Distributed Energy Generation 

Distributed energy generations can be classified as adjustable units and nonadjustable units 

[31]. Solar and wind, which are nonadjustable units, are mostly dependent on the 
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environmental circumstance. Because of the nature of intermittency and fluctuation, their 

power output can be predicted but with some errors. However, fuel units such as diesel 

generators, fuel cells and micro turbines are adjustable units.  

 

2.2.2 Energy Storage System 

Energy storage systems, which mostly consists of batteries and supercapacitors, have been 

widely used in grid-connected household nano-grid systems. Batteries, which is utilized to 

alleviate power fluctuation of grid-connected household nano-grid system in steady state, 

has the characteristic of large capacity and energy density, while supercapacitors which 

can manage the power fluctuation of nano-grid system in transient state, take advantage of 

large power density and fast response. Energy storage system that is instructed by EMS 

has the ability to smooth out the power fluctuations of distributed energy generation and 

residential load to prevent the power fluctuation on the tie-line. The power output and 

operating method of energy storage system are obtained from the power command 

generated by the EMS of nano-grid system, determining energy storage system’s 

charging/discharging mode. The utilization of energy storage system is capable of 

removing the intermittency of solar PV and has the potential to shave the peak loads [32]. 

However, to achieve the full benefits of energy storage system, an EMS, which is a 

forecasting and scheduling algorithm, should be utilized [33]. Thus, the EMS plays a 

significant role in smoothing the power fluctuation in grid-connected household nano-grid 

system and optimizing power dispatch of energy storage system.  
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2.2.3 Residential Loads 

Residential loads of grid-connected household nano-grid system can be categorized into 

essential loads and controllable loads. Essential loads are the loads that operates under 

steady and reliable power supply while controllable loads can be available for load 

shedding under emergency condition. Considering saving electricity consumption, optimal 

load usage could be realized by applying demand-side management at normal operating 

condition [34]. For example, in the condition of not affecting customer electricity 

utilization, electricity consumption can be saved by adjusting Heating Ventilation and Air 

Conditioning [35]. Therefore, demand-side management is a significant part of EMS in 

grid-connected household nano-grid system. However, some loads can be controllable. 

With the popularity of electric vehicles, the concept of Plug-in Electric Vehicle (PEV) and 

Plug-in Hybrid Electric Vehicle (PHEV) have been widely used in Micro-grid/Nano-grid 

systems [36]. PEV and PHEV can be charged from main power grid anytime. Also, with 

the realization of V2G (Vehicle to Grid) technique, PEV and PHEV can be the power 

supply for main power grid. Therefore, PEV and PHEV have the capability of being 

controllable loads or power supply at the same time. Nevertheless, the complexity of EMS 

of grid-connected household nano-grid system will be undoubtedly rising up due to the 

involvement of PEVs and PHEVs. 

 

2.3 Prediction of EMS 

Prediction for related data is required to schedule the optimal power allocation of grid-

connected household nano-grid system. The data that needs to be predicted is classified in 

three categories. The first category is the data that is interactive between nano-grid system 
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and customers such as power demand of customers, parameters of controllable loads and 

comfort level of electricity usage [13] [37]. The second category is the data interacted 

between nano-grid system and main power grid such as real-time electricity price or ToU 

electricity price. The third category is the power output of distributed energy generation. 

For first and third categories, the prediction is not very accurate. The data of distribution 

energy generation can be predicted with a high accuracy with the utilization of a high 

precision weather forecast. However, it will lead to the increase of operational cost. In [38], 

a household EMS based on a Nonintrusive Load Monitoring (NILM) technique with an 

automated Nondominated Sorting Genetic Algorithm-II (NSGA-II) home power 

scheduling mechanism is proposed. Operation periods of different loads can be predicted 

based on an analysis of the NILM technique with historical data. With the utilization of 

NSGA-II, the scheduling usage of electrical appliance can be optimized day-ahead based 

on operation period of different loads to save electricity bills of customers. In [39], a PV 

power prediction based on the Fuzziness-based Online Sequential Extreme Learning 

Machine (FOS-ELM) algorithm is proposed, which is capable of replacing outdated data 

with new data constantly. Historical weather data and historical PV power data are utilized 

to predict the PV power in the next period of time in this PV prediction method. In [40], 

an EMS integrated with real-time electricity pricing model and genetic algorithm is 

proposed to effectively reduce electricity expense and Peak-to-Average Ratio (PAR).  

 

2.4 Energy Management Strategies of EMS 

The solutions of energy management strategy for grid-connected household nano-grids can 

be demonstrated as different approaches in order to realize the economic operation and 
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power allocation of different modules in grid-connected household nano-grid system. 

Traditionally, it can be summarized as two different techniques: double layer coordinated 

control approach and three-layer coordinated control approach.  

 

In [41], a double layer coordinated control approach is proposed, which can be divided into 

two layers including schedule layer and dispatch layer. The schedule layer shows an 

economic operation scheme by using forecasting data. Moreover, the dispatch layer takes 

power of controllable units into consideration based on real-time data. Therefore, both 

economic optimization and technical concerns are considered. The coordinated control of 

two layers can eliminate the errors between forecasting data and real time data. The flow 

chart of double layer coordination approach is illustrated in Figure 2.1 [41]. 
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Figure 2.1 Flow chart of double layer coordinated control 

In [42], a three-layer coordinated control approach is proposed. There are three different 
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layers in this technique, including day-ahead layer, adjustment layer and real-time layer. 

The day-ahead layer based on look-ahead multi-step optimization technique can make 

available prediction of future operation conditions for controllable units. In the adjustment 

layer, by using updated wind/solar/load data at dispatch time, economic dispatch model 

could be determined at the dispatch time. In addition, the exchanging power between nano-

grid and main power grid could be estimated. The real-time layer is used to keep the 

exchanging power between nano-grid and main power grid constant.  

 

2.5 Review of EMS Modeling and Algorithms  

2.5.1 Modeling of EMS 

With the consideration of satisfying demand of residential loads and various constraints of 

EMS, the main objective of EMS in a grid-connected household nano-grid system is overall 

long-term cost minimization, which can be integrated with some other objectives such as 

minimizing peak demand, greenhouse gas emissions and possibility of power outage. 

When pricing schemes execute penalties for peak demand, minimizing peak demand is 

necessary [7]. In addition, minimizing fuel usage becomes significant if there are taxes on 

excessive gas emissions [7]. In [43], the balance of customer comfort level and minimizing 

operational cost are both taken as objectives, which leads to an EMS based on mixed 

integer non-linear programming with multi-objectives. Therefore, due to the existence of 

multiple objectives, the optimization function of EMS can be either single-objective or 

multi-objectives [44] [45]. 
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2.5.2 Algorithms used in EMS 

A multi-objective optimization can be converted to a single-objective optimization to 

realize optimal power scheduling using a weighting factor [46]. Follows are algorithms for 

single-objective optimization. 

 

The widely used algorithms for solving model of EMS with single-objective optimization 

mainly are Fuzzy Logic Control (FLC), Mixed Integer Linear Programming (MILP), 

Dynamic Programming (DP), Genetic Algorithm (GA), Lyapunov Optimization (LO), 

Model Predictive Control (MPC), Neutral Network (NN) and some others. MILP technique 

has ability of transferring power optimization into mixed integer programming by changing 

nonlinear functions into linear functions in models. MILP takes integer variables into 

consideration of the optimization model. By introducing integer variables, MILP can be 

applied to optimize the minimum operational cost for large power generators including its 

stop-start cost in the power system. Furthermore, the minimum operation power output of 

power generators can be expressed, which benefits for the generators lifespan. Compared 

with MILP, FLC has a faster computational time but a relatively increasing cost [7]. In 

[47], DP can be implemented to solve the model of EMS when the electricity pricing is 

dynamic. In [48], GA, which is inspired by nature selection, is utilized to adjust and train 

Multilayer Perceptron Neural Network (MLPNN) controllers. LO also has been used in 

solving the model of EMS. One LO effectiveness is not requiring future values or statistic 

of the stochastic processes. The main functionality of NN is used to predict and control in 

EMS. NN is capable of learning complex models which are difficult to determine. In [44], 

NN is used to forecast solar generation, wind generation and load demand in a microgrid. 
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However, the drawback of NN algorithm is that they need to be trained. In [49], modified 

MPC is used to coordinate the power allocation between charging/discharging power of 

energy storage system and the exchanging power on tie-line. MPC is basically a rolling 

process that solves the EMS optimization model repetitively with the updating forecasted 

data. It is recognized that MPC is a feasible method to a number of control problems with 

uncertainty [50].   

 

Compared with modeling and algorithms of different energy management strategies listed 

before, the proposed energy management strategy in this thesis concentrates on PV nano-

grid system which is serving for a single household user. Most of energy management 

strategies listed in literature review are serving for microgrids such as industrial parks or 

residential areas. Furthermore, the introduced smoothing function can smooth the power 

fluctuation on the exchange of power between PV nano-grid and main power grid to 

maintain the reliable operation of main power grid, which makes up the weakness of energy 

management strategies shown in literature review. 

 

For the double layer energy management strategy proposed in [41], the energy management 

strategy including two layers, which is scheduling layer and dispatch layer, to achieve the 

economic operation of a microgrid system. Compared with the proposed energy 

management strategy in [41], the energy management strategy in this thesis reduces the 

complexity of the EMS by only considering one single scheduling layer. In this thesis, the 

energy management strategy is focusing on PV grid-connected household nano-grid 

system for a single household user instead of a microgrid system. Due to the small-scale 
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of the PV nano-grid system, there is no need to divide into two layers like the proposed 

energy management strategy in [41]. The functionality of the dispatch layer is inner 

contained, which is dispatching the optimal power command by optimal battery 

charging/discharging to realize the minimum operational cost of PV nano-grid system.  

 

The proposed energy management strategy in [44] and [48] utilizes the nonlinear 

optimization method such as GA or NN. However, in this thesis, the optimization model 

of the long-term optimal scheduling can be solved linearly by introducing integer variables, 

which realizes the linearization of the optimization model. Therefore, the more optimized 

and accurate optimization results can be achieved by using MILP which is considered in 

this thesis [51]. For the energy management strategy using FLC algorithm in [7], it is shown 

that FLC algorithm, while having a faster computational time, leads to more operational 

cost compared with using MILP algorithm. Therefore, more economic benefit is achieved 

by applying MILP algorithm in energy management strategy in thesis compared with using 

FLC algorithm.  

 

2.6 Challenges of Grid-Connected Household Nano-Grid System 

EMS of grid-connected household nano-grid system mainly deploys centralized control. 

However, with the development of decentralized control, decentralized control can realize 

plug and play of distributed energy resources, which improves the flexibility of electricity 

usage. Thus, more attention will be drawn on decentralized control in the future. The main 

challenges of decentralized control now are concentrated on its system structure and energy 

management strategy. The main challenges are listed as follows: 
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1) PV generation has the nature of intermittency, fluctuation and difficulty on 

prediction due to the environmental influences such as temperature and irradiance. With 

the increasing controllable loads such as Plug in Electric Vehicles, grid-connected 

household nano-grid systems have the nature of uncertainty. Therefore, EMS is required 

to consider uncertain factors. 

 

2) The safety of customer information is also a serious problem that needs to be 

solved. With the popularity of grid-connected household nano-grid systems, a lot of 

information reflecting household electricity usage are generated, involving in customer 

privacy. Therefore, safety protection should be integrated into EMS.  

 

3) The reliable and compatible communication network is the basis of realizing EMS. 

Problems such as time-delay and time-out can lead to the failure of the execution of energy 

management strategy. Furthermore, there is no standardized criterion now, which should 

be considered to standardize in the future.  
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3    Chapter: Model and Analysis of PV Grid-Connected Household 

Nano-Grid System 

In this chapter, a PV grid-connected household nano-grid system is modeled and 

investigated, including PV units, energy storage system, and house loads. Each unit is 

examined by simulations. The whole nano-grid system is also investigated under difference 

operating conditions. 

 

3.1 Structure of the PV Grid-Connected Household Nano-Grid System 

The investigated PV grid-connected household nano-grid system is comprised of PV 

arrays, DC/DC boost converter, energy storage system including both battery and 

supercapacitor, DC/AC inverter and residential loads. In terms of the PV and energy 

storage system grid-connection with power-electronic inverters, there have been mainly 

two different configurations shown in Figure 3.1 and Figure 3.2. As shown in Figure 3.1, 

one configuration is to integrate the PV generation to AC bus bar through a DC/AC inverter 

while the energy storage system is connected to the same AC bus bar through a bi-

directional DC/AC inverter. Then, the AC bus bar is connected to residential loads and 

distribution network. The other topology is to connect the distributed PV generation to a 

DC bus bar with a DC/DC boost converter while energy storage system is connected to the 

same DC bus bar through a bi-directional DC/DC buck/boost converter. Then, a DC-AC 

inverter is connected to convert the DC voltage to AC voltage and provide power supply 

for residential loads. Both of the two topologies can achieve the bi-directional power flow 

of energy storage system and the improvement of PV generation utilization. However, the 

DC coupling topology has a simpler structure compared with AC coupling topology [52]. 
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Thus, the DC coupling topology (shown in Figure 3.2) is used in this thesis. The overall 

structure of PV grid-connected household nano-grid system is illustrated in Figure 3.3. 

Each unit is introduced in the following sections. 
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Figure 3.1 AC coupling topology 
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Figure 3.2 DC coupling topology 
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Figure 3.3 Overall structure of PV grid-connected household nano-grid system 

 

3.2 PV Array Model 

In this section, the PV array model is obtained and simulated in MATLAB/Simpower 

environment. 

 

3.2.1 Equivalent Circuit of PV Cell 

As PV cell is a DC device, junction capacitors and other distributed capacitors are 

neglected. The equivalent circuit Figure 3.4 (a) of PV cell is comprised of a DC current 

source, a diode, a shunt resistor 𝑅𝑠ℎ, and a serial resistor 𝑅𝑠. While 𝑅𝑠 is usually small 

(from 10-3 to several ohms), 𝑅𝑠ℎ is usually large (usually being more than 1kilo ohms).𝑅𝑠ℎ 

is generally about 10-6 times compared with 𝑅𝑠. 𝑅𝑠 and 𝑅𝑠ℎ can be neglected to simply the 



 29 

equivalent circuit, which is shown Figure 3.4 (b).                 
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Figure 3.4(a) Equivalent circuit 
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Figure 3.4(b) Simplified equivalent circuit 

Figure 3.4 Equivalent circuit of PV cell 

 

In the equivalent circuit shown in Figure 3.4 (a), according to KCL, we can get: 

𝐼𝐿 = 𝐼𝑝ℎ − 𝐼𝐷 − 𝐼𝑠ℎ                                                                 (3.1) 

 

Here 𝐼𝑝ℎ represents the light-generated current in the cell, which is expressed as: 

𝐼𝑝ℎ = (𝐼𝑠𝑐 + 𝐾𝑡𝛥𝑇)
𝑆

𝑆𝑛
= [𝐼𝑠𝑐 + 𝐾𝑡(𝑇 − 𝑇𝑛)]

𝑆

1000
                           (3.2) 
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In (3.2), 𝐼𝑠𝑐 is short circuit current of PV cell, 𝐾𝑡 is short current temperature coefficient, 

𝑇  is temperature, 𝑇𝑛  is reference temperature (298K),𝑆  is irradiance. 𝑆𝑛  is reference 

irradiance (1000W/m2). 

 

In Figure 3.4(a), the photogenerated current 𝐼𝐿 is governed by the voltage across the diode: 

𝑈𝐷 = 𝑈𝑜𝑐 + 𝑅𝑠𝐼𝐿                                                       (3.3)    

In (3.3), 𝑈𝐷  is the voltage across diode. 𝑈𝑜𝑐  is the open circuit voltage. 𝑅𝑠  is series 

resistance. 𝐼𝐿 is the photogenerated current. 

 

Based on the Shockley equation, diode current 𝐼𝐷 is: 

         𝐼𝐷 = 𝐼0 [exp (
𝑞𝑈𝐷

𝐴𝐾𝑇
) − 1] = 𝐼0 {exp [

𝑞(𝑈𝑜𝑐+𝑅𝑠𝐼𝐿)

𝐴𝐾𝑇
] − 1}                    (3.4) 

In (3.4), 𝐼0 is the reverse saturation current. 𝑞 is the elementary charge, which is 1.6×10-19. 

𝐾 is Boltzmann constant, which is 1.38×10-23. 𝐴 is diode ideal constant.  

 

Shunt current 𝐼𝑠ℎ is expressed as: 

   𝐼𝑠ℎ =
𝑈𝐷

𝑅𝑠ℎ
=

𝑈𝑜𝑐+𝑅𝑠𝐼𝐿

𝑅𝑠ℎ
                                                                       (3.5) 

 

Now, we embed equations (3.2), (3.3), (3.4), (3.5) into (3.1), and the current is: 

𝐼𝐿 = 𝐼𝑝ℎ − 𝐼𝐷 − 𝐼𝑠ℎ = [𝐼𝑠𝑐 + 𝐾𝑡(𝑇 − 𝑇𝑛)]
𝑆

1000
− 𝐼0 {exp [

𝑞(𝑈𝑜𝑐+𝑅𝑠𝐼𝐿)

𝐴𝐾𝑇
] − 1} −

𝑈𝑜𝑐+𝑅𝑠𝐼𝐿

𝑅𝑠ℎ
          (3.6)                                  

 

Ideally, we can assume 𝑅𝑠 → 0, 𝑅𝑠ℎ → ∞, then we can express photogenerated current 𝐼𝐿 

and PV cell power output 𝑃𝐿 in Figure 3.4 (b) as below: 
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𝐼𝐿 ≈ 𝐼𝑝ℎ − 𝐼𝐷 = [𝐼𝑠𝑐 + 𝐾𝑡(𝑇 − 𝑇𝑛)]
𝑆

1000
− 𝐼0[exp (

𝑞𝑈𝐿

𝐴𝐾𝑇
) − 1]           (3.7) 

𝑃𝐿 = 𝑈𝐿𝐼𝐿 = 𝑈𝐿𝐼𝑝ℎ − 𝑈𝐿𝐼0[exp (
𝑞𝑈𝐿

𝐴𝐾𝑇
) − 1]                              (3.8) 

 

3.2.2 Simulation and Analysis of PV Module 

Due to the insufficient power output of a single PV cell, a PV module which combines a 

number of PV cells either in parallel or in series is usually used to support high power 

output. Assuming every single PV cell has same characteristic, the characteristic equation 

of PV module is expressed as: 

𝐼𝑧 = 𝑁𝑝𝐼𝑝ℎ − 𝑁𝑝𝐼𝐷 = 𝑁𝑝𝐼𝑝ℎ −𝑁𝑝𝐼0[exp (
𝑞𝑈𝑧

𝑁𝑠𝐴𝐾𝑇
) − 1]            (3.9) 

where, 𝑁𝑝 and 𝑁𝑠 represent the number of parallel PV cells and the number of series PV 

cells respectively. 𝐼𝑧 represents the current output of PV module and 𝑈𝑧 represents voltage 

output of PV module.  

 

The PV module is simulated at the different irradiances and temperatures. Parameters are 

set as maximum voltage output of PV module 𝑉𝑚 = 300V, maximum current output of PV 

module 𝐼𝑚 = 24A, open circuit voltage of PV module 𝑉𝑜𝑐 = 350V, short circuit current of 

PV module 𝐼𝑠𝑐 = 40A. By simulating with a variety of irradiances 𝑆 and temperatures 𝑇, 

the relationship between current output and power output of PV module can be found.  

 

When the temperature is fixed at 25℃, the I-V and P-V characteristic curves are plotted 

with irradiances = 800W/m2, 1000W/m2 and 1200W/m2 respectively, as shown in Figure 

3.5. When the irradiance is fixed at 1000W/m2, the I-V and P-V characteristic curves of 
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the PV module are plotted as temperature = 0℃, 25℃, 50℃ respectively, as shown in 

Figure 3.6. 

 

Figure 3.5 PV characteristic curve with irradiance variation 

Based on the simulation result of Figure 3.5, it demonstrates that PV maximum power 

output increases with the increasing irradiance when temperature is fixed. 

 

 

Figure 3.6 PV characteristic curve with temperature variation 
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Based on the simulation results of Figure 3.6, it demonstrates that PV maximum power 

output decreases with the increasing temperature when irradiance is fixed.  

 

3.3 DC/DC Boost Converter 

A DC/DC boost converter is implemented between PV module and DC/AC inverter, as 

shown in Figure 3.7. The circuit out of PV module can be taken as load. By using Perturb 

and Observe (P&O) method, the duty cycle of DC/DC boost converter can be controlled. 

The voltage and current output of DC/DC boost converter can be changed, which can 

realize the impedance matching. Therefore, when the internal resistance is equal to the 

impedance of the equivalent circuit out of PV module (𝑅𝑖 = 𝑅𝐿), PV module can work at 

maximum power point.   
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Figure 3.7 Control of circuit of MPPT technique 

 



 34 

3.3.1 Perturb and Observe Method for MPPT 

The output characteristic of PV module is influenced by the change of irradiance and 

temperature. When irradiance and temperature change, PV module will not work at 

maximum power point. Even when temperature and irradiance are kept unchanged, the 

difference of load will lead to different output characteristic of the PV module. Therefore, 

MPPT technique is used to ensure PV module generating maximum power at any time and 

improve the solar energy utilization. 

 

There are many different MPPT techniques applied to PV system, such as constant voltage 

tracking method, P&O method and incremental conductance, etc. For these MPPT 

techniques, real-time measurement of voltage and current output of PV module should be 

conducted. The shift of maximum power point can be observed by measuring voltage and 

current output of PV module. These techniques can be used to track the maximum power 

point of PV module for any environmental condition. Among these MPPT methods, in this 

thesis, the P&O method is used due to the consideration of simple structure and feasibility 

of the technique.  

 

The principle of P&O method for tracking maximum power point is that when the voltage 

output and power output of PV module fluctuate, the fluctuating direction of the voltage 

output of PV module next time can be determined. If power output of PV module increases, 

the fluctuating direction of voltage output in the next step will be in the same direction as 

its previous step. If the power output of PV module decreases, the fluctuating direction of 

voltage output in the following step will be in the opposite direction as its previous one. 
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By repeating in the above process, the operation point will finally move towards maximum 

power point. Meanwhile, the fluctuating voltage and power output of the PV module are 

the input parameters in this method, to guarantee the power output of PV module in steady 

state. Figure 3.8 shows the flowchart of the P&O method.  
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Figure 3.8 The flow chart of P&O method 
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3.3.2 Simulation of MPPT Technique Applied in PV System  

With the utilization of MPPT technique based on P&O method, PV maximum power 

output can be achieved at different temperatures and irradiances. In this Simulink model, 

PV maximum power generation is 8.4KW (Irradiance = 1000W/m2; Temperature = 25℃). 

Short circuit current 𝐼𝑠𝑐 = 40A. Open circuit voltage 𝑉𝑜𝑐 = 350V. Maximum current 𝐼𝑚𝑎𝑥 

= 24A. Maximum voltage 𝑈𝑚𝑎𝑥 = 300V. 

 

By changing the irradiance and temperature on PV module, maximum power output of PV 

module can be tracked, which can reflect the dynamic response and steady state 

characteristic of the PV system. In Figure 3.9, PV system is simulated that irradiance is set 

as irradiance = 1000W/m2, 800W/m2, 400W/m2 at time = 0s, 1s, 1.8s. In Figure 3.10, PV 

system is simulated that temperature is set as temperature = 25℃, 50℃, 70℃ at time = 0s, 

1s, 1.8s. In Figure 3.11, PV system is simulated that irradiance and temperature are 

changing together according to time point above.  

 

From Figure 3.9~Figure 3.11, PV maximum power generation can be achieved at different 

irradiance and temperature. In Figure 3.9, Irradiance changes while temperature is kept 

unchanged. PV maximum power generation decreases when irradiance decreases. When 

irradiance goes from 1000W/m2 to 800W/m2 at 1s, from 800W/m2 to 400W/m2 at 1.8s, the 

transient response is fast, which is only 0.1s. In Figure 3.10, Temperature changes while 

irradiance is kept unchanged. PV maximum power generation decreases when temperature 

increases. When temperature goes from 25℃ to 50℃ at 1s, from 50℃ to 70℃ at 1.8s, the 

transient response is fast, which is only 0.1s. 
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Figure 3.9 Simulated curve when only changing irradiance 

 

 

Figure 3.10 Simulated curve when only changing temperature 
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In Figure 3.11, temperature and irradiance both change. PV maximum power generation 

decreases with decreasing irradiance and increasing temperature. When irradiance and 

temperature change from 1000W/m2, 25℃ to 800W/m2, 50℃ at 1s, from 800W/m2, 50℃ 

to 400W/m2, 70℃ at 1.8s, the transient response is fast, which is only 0.1s. 

 

 

Figure 3.11 Simulated curve when changing irradiance and temperature 

 

Based on Simulation results above, PV maximum power generation can change with the 

irradiance and temperature. PV maximum power generation can be achieved at different 

irradiance and temperature with the utilization of P&O MPPT technique, which shows 

good steady state and transient state performance. 
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3.4 Energy Storage System and Related Control Strategies 

Power fluctuation of PV grid-connected household nano-grid system is caused by 

uncertainty of PV power generation and power demand of residential loads. Energy storage 

system deploys constant power control as a way to alleviate the power fluctuation of PV 

grid-connected household nano-grid system. However, the rapid changing 

charging/discharging current has an impact on the lifespan of battery in energy storage 

system. The battery will be damaged due to the rapid and frequent charging/discharging 

during power fluctuation. In order to prevent the damage of the battery, supercapacitor is 

used to realize rapid and frequent charging/discharging, which can effectively alleviate 

high frequency component of power fluctuation in PV nano-grid system. Even though 

supercapacitors do not have the power capacity as batteries, supercapacitors can endure the 

rapid and frequent charging/discharging current without damaging itself due to its high 

power density. Therefore, the hybrid use of battery and supercapacitor can be 

complementary. With reasonable coordination between battery and supercapacitor, this 

hybrid energy storage system can alleviate power fluctuations of PV nano-grid system with 

the deployment of constant power control. The basic structure of hybrid storage system is 

shown in Figure 3.12. 

 



 40 

Bi-directional 

DC/DC buck/

boost converter

Bi-directional 

DC/DC buck/

boost converter

PV DC/DC boost 

converter

DC bus bar 

PV module

Battery

Supercapacitor

DC side of PV grid-connected household nano-grid system

Hybrid energy storage system

DC/AC 

inverter

Residential 

loads

Distributed 

network

 

Figure 3.12 Basic structure of hybrid storage system 

 

3.4.1 Characteristic of Bi-directional DC/DC Converters of Energy Storage 

System  

1) Topology of Bi-directional DC/DC Buck/Boost Converters 

In energy storage systems, batteries and supercapacitors are connected to DC bus bar 

through bi-directional DC/DC buck/boost converter respectively, which is shown in Figure 

3.13. In order to minimize the voltage ripple of battery voltage output, 𝐶𝑏  is used as 

filtering capacitor, which is parallel with battery. 𝐶𝑑𝑐, which has a large capacitance, is 

used to alleviate voltage ripple. 𝑅𝐿 is the equivalent resistor at DC bus bar side. Due to the 

large capacitance of supercapacitor, the voltage of DC bus bar can be assumed unchanged 

in one cycle. Supercapacitor can be equivalent to be an ideal voltage source 𝑉𝑠𝑐 in series 
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with a resistor 𝑅𝑠𝑐.  This structure does not require the voltage and power matching 

relationship between battery and supercapacitor. These two bi-directional DC/DC 

buck/boost converters, which are responsible for battery and supercapacitor, are controlled 

separately. Therefore, control of battery and supercapacitor are independent. 
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Figure 3.13 Topology of energy storage system 

 

2) Operation Modes of Bi-directional DC/DC Buck/Boost Converters 

PWM complementary control is used to control the operation modes of bi-directional 

DC/DC buck/boost converters in energy storage system. For PWM complementary control, 

two switches operate complementarily at the same time. In energy storage system, with the 

utilization of PWM complementary control, intermittent current of battery will not emerge. 

Battery is charged at buck operation mode while battery discharges at boost operation 

mode. Therefore, bi-directional DC/DC buck/boost converter connecting with battery 

works at PWM complementary control. Supercapacitor has a high power density, which is 

required to charge at buck operation mode or discharge at boost operation mode frequently. 

Therefore, bi-directional DC/DC buck/boost converter connecting with supercapacitor also 
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works at PWM complementary control. 

 

PWM complementary control of bi-directional DC/DC buck/boost converter connecting 

with supercapacitor is shown as example in Figure 3.14. Switch signal of 𝑆3 and 𝑆4 are 

shown as 𝑢𝑔3 and 𝑢𝑔4. In one cycle, current of inductor 𝐿2 could be positive or negative. 

By changing duty cycle, the average current of inductor 𝐿2 could be changed. When current 

of inductor 𝐿2 is positive, supercapacitor discharges power to DC bus bar. When current 

of inductor 𝐿2 is negative, supercapacitor is charged by DC bus bar.    
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Figure 3.14 Switch signal of S3, S4 and inductor L2 current waveform under PWM complementary 

control 

 

3.4.2 Characteristic and Control Strategy of the Battery  

1) Characteristic of Battery Charging and Discharging 

The battery using for PV grid-connected household nano-grid system is required to have 

the nature of high energy density and reliability. Lithium-Ion battery, which has reliable 

charging and discharging performance, has many advantages such as high nominal voltage, 

large specific energy, long lifespan, non-pollution and no memory effect etc. Therefore, 

Lithium-Ion battery is used in energy storage system. It is important to use a reasonable 
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control strategy of Lithium-Ion battery to ensure its lifespan. The SOC is an important 

parameter presenting battery charging and discharging. SOC of Lithium-Ion battery is the 

criterion of deciding the charging or discharging. The realization of control strategy of 

Lithium-Ion battery is also based on SOC state, which can guarantee reliable performance 

of Lithium-Ion battery SOC, which is the ratio of remaining capacity and total capacity, 

reflects remaining capacity of battery. SOC is defined in equation 3.10. 

 

𝑆𝑂𝐶 =
𝑄𝑐

𝑄𝑟
∗ 100%                                                                  (3.10) 

In (3.10):  

𝑄𝑐: remain capacity of Lithium-Ion battery (A*h) 

𝑄𝑟: total capacity of Lithium-Ion battery (A*h) 

 

Equation (3.11) represents the prediction of SOC of Lithium-Ion battery: 

𝑆𝑂𝐶 = 𝑆𝑂𝐶0 −
1

𝑄𝑛
∫ 𝜂𝑖 𝑑𝑡
𝑡

0
                                                (3.11) 

In (3.11): 

𝑆𝑂𝐶: Predicted value of present SOC 

𝑆𝑂𝐶0: Initial SOC value  

𝑄𝑛: Total battery capacity (A*h) 

𝜂 : Coulombic efficiency of Lithium-Ion battery 

𝑖 :  Working current of Lithium-Ion battery 

 

Coulombic efficiency of Lithium-Ion battery 𝜂 can represent the charge-discharge rate and 

temperature-affecting coefficient. The error of working current of Lithium-Ion battery 𝑖 
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has influence on coulombic efficiency of Lithium-Ion battery 𝜂.  

 

2) Control Strategy of Lithium-Ion Battery Charging and Discharging 

When the battery is charging/discharging, its SOC is measured in real time to know the 

operation mode of the battery. In order to prevent the excessive charging/discharging, 

limiting protection is implemented. Figure 3.15 shows the operation mode selection and 

limiting protection design for the charging/discharging of the battery at different SOC 

values. 

 

Start

Ibattery_ref

0.1<SOC<0.9

-Ibattery_ref_max   Ibattery_ref    

Ibattery_ref_max

SOC>0.9

    Ibattery_ref    

Ibattery_ref_max

-Ibattery_ref_max   

Ibattery_ref     

Battery charging or 

discharging at constant 

power control Battery discharging at 

constant power control

Battery charging at 

constant power control

No

Yes

Yes

No

 

Figure 3.15 Flow chart of operation modes selection and limiting protection at different SOC values 

 

The energy storage system receives optimized power command 𝑃𝐸𝑆𝑆_𝑠𝑐ℎ𝑒𝑑𝑢𝑙𝑒  sent from 

upper EMS. In addition, the real-time fluctuation of PV power output and residential loads 
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should be considered. Correspondingly, the sum of the difference between 𝑃𝑙𝑜𝑎𝑑 and 𝑃𝑝𝑣 

and the optimized power command 𝑃𝐸𝑆𝑆_𝑠𝑐ℎ𝑒𝑑𝑢𝑙𝑒 sent from EMS is taken as the input into 

energy storage system. Then, the frequency division will be conducted on this sum named 

by 𝑃𝐸𝑆𝑆 in order to get its low frequency component. The low frequency component of 

𝑃𝐸𝑆𝑆 , which is called 𝑃𝑏𝑎𝑡𝑡𝑒𝑟𝑦_𝑟𝑒𝑓 , will be managed by battery, which can prevent the 

frequent battery charging/discharging. With 𝑃𝑏𝑎𝑡𝑡𝑒𝑟𝑦_𝑟𝑒𝑓 is taken as the input, reference 

output current of battery 𝐼𝑏𝑎𝑡𝑡𝑒𝑟𝑦_𝑟𝑒𝑓 can be known. By measuring the real-time SOC of 

battery, the charging/discharging can be determined. There are three scenarios listed as 

follows: 

 

(1) 0.1 < SOC < 0.9: Battery can work at charging/discharging mode normally. A limiting 

protection is required to avoid the battery charging/discharging. The limited range is 

set as −𝐼𝑏𝑎𝑡𝑡𝑒𝑟𝑦_𝑟𝑒𝑓_𝑚𝑎𝑥    𝐼𝑏𝑎𝑡𝑡𝑒𝑟𝑦_𝑟𝑒𝑓    𝐼𝑏𝑎𝑡𝑡𝑒_𝑟𝑒𝑓_𝑚𝑎𝑥  ( 𝐼𝑏𝑎𝑡𝑡𝑒𝑟𝑦_𝑟𝑒𝑓_𝑚𝑎𝑥  ≥ 0).  

𝐼𝑏𝑎𝑡𝑡𝑒_𝑟𝑒𝑓_𝑚𝑎𝑥  is the upper limit and −𝐼𝑏𝑎𝑡𝑡𝑒_𝑟𝑒𝑓_𝑚𝑎𝑥  is the lower limit. Battery is 

discharging when 𝐼𝑏𝑎𝑡𝑡𝑒𝑟𝑦_𝑟𝑒𝑓 ≥ 0. Battery is charging when 𝐼𝑏𝑎𝑡𝑡𝑒𝑟𝑦_𝑟𝑒𝑓 ≤ 0.  

 

(2) SOC ≥  .9: When SOC ≥  .9, SOC value of battery exceeds the safe operation range. 

Battery is only permitted to work at discharging mode. A limiting protection is required 

to implement. The limited range is set as     𝐼𝑏𝑎𝑡𝑡𝑒𝑟𝑦_𝑟𝑒𝑓    𝐼𝑏𝑎𝑡𝑡𝑒𝑟𝑦_𝑟𝑒𝑓_𝑚𝑎𝑥 

(𝐼𝑏𝑎𝑡𝑡𝑒𝑟𝑦_𝑟𝑒𝑓_𝑚𝑎𝑥 ≥  ). 

 

(3) SOC    .1: When SOC    .1, SOC value of battery is below the safe operation range. 

Battery is only permitted to work at charging mode. A limiting protection is required 
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to implement. The limited range is set as −𝐼𝑏𝑎𝑡𝑡𝑒𝑟𝑦_𝑟𝑒𝑓_𝑚𝑎𝑥    𝐼𝑏𝑎𝑡𝑡𝑒𝑟_𝑟𝑒𝑓      

(𝐼𝑏𝑎𝑡𝑡𝑒𝑟𝑦_𝑟𝑒𝑓_𝑚𝑎𝑥 ≥  ). 

 

As the PV household nano-grid system is grid-connected, main power grid can provide 

steady AC voltage and frequency. The single-phase DC/AC inverter connecting with main 

power gird deploys constant voltage control, which is capable of ensuring the voltage 

stability of DC bus bar. Because energy storage system is used to receive optimal power 

command from EMS, constant power control should be applied to energy storage system. 

When the exchanging power between PV nano-grid system and main power grid fluctuates 

due to the uncertain power output of PV generation and residential loads, the energy storage 

system can alleviate this power fluctuation. By alleviating the power fluctuation of PV 

nano-grid system, energy storage system can also stabilize the DC bus bar voltage. As a 

result, battery utilization can be largely improved and power balance in PV nano-grid 

system can be maintained by deploying constant power control for energy storage system. 
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Figure 3.16 Control strategy of battery charging/discharging 

 

Figure 3.16 shows the constant power control of battery. Battery charging /discharging 

reference current 𝐼𝑏𝑎𝑡𝑡𝑒𝑟𝑦_𝑟𝑒𝑓 goes into the operation mode selection block. It selects the 
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operation mode for battery based on the battery SOC value and passes through the limiting 

protection. Then, the reference current of the battery charging/discharging can be 

determined. With the utilization of single current loop, the real-time output current of 

battery 𝐼𝐿1 tracks the determined reference current of the battery charging/discharging. By 

using PI controller, 𝐼𝐿1  can track the determined reference current of the battery 

charging/discharging precisely. Duty cycle of the bi-directional DC/DC buck/boost 

converter in battery module can be controlled. Therefore, constant power control of battery 

can be realized.  

 

3.4.3 Characteristic and Control Strategy of the Supercapacitor 

Due to its low energy density and high power density, a supercapacitor has the ability of 

satisfying instantaneous large power demand of residential loads and charging /discharging 

without reducing lifespan, effectively compensating the disadvantages of battery. To deal 

with the rapid power fluctuation of power pulsed loads and PV generation, the 

supercapacitor can realize power compensation instantaneously. When power demand of 

residential loads suddenly increases, DC bus bar voltage will go down. At this time, the 

supercapacitor can respond quickly to discharge power to DC bus bar so that DC bus bar 

voltage goes up to the reference value. The discharging of the supercapacitor will be 

finished until DC bus bar voltage recovers. Then, the supercapacitor will be charged by the 

PV nano-grid system. Constant power control is also deployed to control the bi-directional 

DC/DC buck/boost converter in the supercapacitor module. 
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3.4.4 Control Strategy for Hybrid Energy Storage System  

Control strategy of coordinating hybrid energy storage system is described as follow: Due 

to the power fluctuation of PV power generation and power demand of residential loads, 

hybrid energy storage system is applied to smooth this power fluctuation. The difference 

value of real time power of residential load 𝑃𝑙𝑜𝑎𝑑  and PV power generation 𝑃𝑝𝑣  is the 

power fluctuation of PV nano-grid system, named by 𝛥𝑃 = 𝑃𝑙𝑜𝑎𝑑 − 𝑃𝑝𝑣. 𝛥𝑃 is added with 

optimized power command 𝑃𝐸𝑆𝑆_𝑠𝑐ℎ𝑒𝑑𝑢𝑙𝑒 that is scheduled by EMS from upper layer. Then 

frequency division is conducted on this sum, called by 𝑃𝐸𝑆𝑆. By utilizing the low pass filter 

in frequency division, low frequency component of 𝑃𝐸𝑆𝑆 , named by 𝑃𝑏𝑎𝑡𝑡𝑒𝑟𝑦_𝑟𝑒𝑓 , is 

absorbed by battery while high frequency component of 𝑃𝐸𝑆𝑆 , named by 𝑃𝑠𝑐_𝑟𝑒𝑓 , is 

absorbed by supercapacitor. The detailed process is shown in Figure 3.17.  
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Figure 3.17 Frequency division of PESS 

 

In Figure 3.17, optimized power command 𝑃𝐸𝑆𝑆_𝑠𝑐ℎ𝑒𝑑𝑢𝑙𝑒 from EMS is added with real time 

power fluctuation 𝛥𝑃. This sum, which is 𝑃𝐸𝑆𝑆 , is sent into low pass filter. The power 

passing through low pass filter, which is 𝑃𝑏𝑎𝑡𝑡𝑒𝑟𝑦_𝑟𝑒𝑓, is sent into control module of battery. 

This power is main portion of 𝑃𝐸𝑆𝑆, which fluctuates mildly in real time. However, the 

filtered high frequency component of 𝑃𝐸𝑆𝑆, which is 𝑃𝑠𝑐_𝑟𝑒𝑓, is sent into control module of 
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supercapacitor. This power is not very large but fluctuates rapidly in real time. When 𝑃𝐸𝑆𝑆 

> 0, battery can be taken as execution unit of scheduled power command 𝑃𝐸𝑆𝑆_𝑠𝑐ℎ𝑒𝑑𝑢𝑙𝑒 and 

alleviate the low frequency component of power fluctuation 𝛥𝑃 by discharging. When 

𝑃𝐸𝑆𝑆 < 0, battery can be taken as execution unit of scheduled power command 𝑃𝐸𝑆𝑆_𝑠𝑐ℎ𝑒𝑑𝑢𝑙𝑒 

and alleviate the low frequency component of power fluctuation 𝛥𝑃  by charging. 

Supercapacitor can realize the alleviation of power sum 𝑃𝐸𝑆𝑆 in transient state, which is 

high frequency, by rapid and frequent charging/discharging. Due to the limiting protection 

in constant power control, excessive charging/discharging is prevented for the battery and 

supercapacitor in energy storage module. With the hybrid use of battery and 

supercapacitor, battery is not required to charge or discharge very frequently, which 

increases the battery lifespan. 

 

3.5 Single Phase Full-Bridge DC/AC Inverter and its Control Strategy  

For the PV grid-connected household nano-grid system, a single phase full-bridge DC/AC 

inverter is utilized for the grid connection. Based on IEEE 929, current going into main 

power grid is required to have a high current quality [53]. IEEE 929 requires that Total 

Harmonic Distortion (THD) of the current going into main power grid is smaller than 5% 

and 3rd order ~ 9rd order harmonic wave of the current going into main power grid is 

required to be smaller than 4%. 11rd order~15rd order harmonic wave of the current going 

into main power grid is required to be smaller than 2%. 

 

For the grid connection, the PV nano-grid system needs to invert DC current to be AC 

current having the same frequency and phase with main power grid. Main power grid can 
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be considered as an infinite huge AC voltage source. If DC/AC inverter deploys current 

controlled grid-connection mode, the output of DC/AC inverter can be considered as a 

controllable current source. Therefore, the PV grid-connected household nano-grid system 

and main power grid can be seen as a AC current source in parallel with a AC voltage 

source. The output voltage of DC/AC inverter is constrained to be the voltage of main 

power grid. With the utilization of a Phase Locked Loop (PLL), the output current of 

DC/AC inverter is regulated to have same frequency and phase with AC voltage of main 

power grid, which guarantees grid-connection under unit power factor. At current 

controlled grid-connection mode, the grid-connected DC/AC inverter presents the 

characteristic of high impedance. The influence of disturbance of main power grid on 

output current of DC/AC inverter can be largely reduced. Thus, the quality of DC/AC 

inverter current output can be improved.  

 

3.5.1 Topology of Single Phase Full-Bridge DC/AC Inverter 

The single phase full-bridge DC/AC inverter is used to modulate current, which regulates 

the output current of DC/AC inverter to have the same frequency and phase with AC 

voltage of main power grid. Figure 3.18 shows the topology of single phase full-bridge 

inverter, which is comprised of 𝐶𝑑𝑐, four IGBT, and LCL filtering circuit. 
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Figure 3.18 Topology of a single phase full-bridge inverter and LCL filter 

 

In Figure 3.18, four IGBT controlled by inverter control system work as alternate 

conducting. The diodes in parallel with IGBT realize the bi-directional power flow. The 

capacitor 𝐶𝑑𝑐, which is localized on the DC side of DC/AC inverter, can be used to realize 

the power decoupling from DC side of nano-grid system to AC side of nano-grid system. 

When PV nano-grid system works in steady state, power in DC side almost keeps 

unchanged while instantaneous power output of DC/AC inverter in AC side changes with 

time. In order to transfer steady power in DC side to AC power output of DC/AC inverter 

in AC side, a power decoupling process should be implemented for this inverting. 

Therefore, 𝐶𝑑𝑐, which has a large capacity, is set up in DC/AC inverter to achieve the power 

decoupling between DC power and AC power. 

 

3.5.2 LCL Filter Design 

LCL filter is used to eliminate the harmonic waves of DC/AC inverter current output and 

realize the control for magnitude and phase of grid-connected AC current. Furthermore, 

LCL filter can isolate DC/AC inverter output and main power grid, which effectively 

protect the switches of DC/AC inverter and prevent the fault in main power grid side 
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influencing DC/AC inverter. Therefore, grid-connected system can have damping 

characteristic due to the use of LCL filter, which is effective for control system of DC/AC 

inverter. The main LCL filters can be categorized as three types: L filter, LC filter, LCL 

filter. For L filter, large value inductor is used to effectively filter the harmonic waves, 

which increase the size and voltage loss of the filter. For LC filter, it is rarely used in grid-

connected DC/AC inverter. Therefore, LCL filter, which has satisfactory dynamic 

performance, is utilized to filter the harmonic waves of grid-connected current. The 

detailed design of single phase full-bridge DC/AC inverter is shown as follows. 

 

DC bus bar voltage 𝑉𝑑𝑐 = 500V; RMS value of DC/AC inverter voltage output 𝐸𝑚 = 240V; 

Rated power output = 10kW; Grid-connected frequency 𝑓𝑁 = 60Hz; Switch frequency 𝑓𝑠 = 

2kHz. Design procedures of LCL filter parameters are shown below: 

 

(1) Based on the ripple current of inductor 𝐿1, inductor 𝐿1 can be determined. 

𝐿1 ≥
(2𝑉𝑑𝑐−3𝐸𝑚)×𝐸𝑚

2𝑉𝑑𝑐×𝛥𝑖𝑚𝑎𝑥×𝑓𝑠
                                                               (3.11) 

      In equation (3.11), 𝛥𝑖𝑚𝑎𝑥 is the ripple value of inductor 𝐿1 peak current value. 𝛥𝑖𝑚𝑎𝑥 

is set as 20%. Therefore, according to equation (3.11), 𝐿1 > 2.1mH. 𝐿1 is taken as 3mH 

here. 

 

(2) For 𝑋𝐿1 and 𝑋𝐿2, they are satisfied as 
𝑋𝐿1

𝑋𝐿2
 = 3~7. Therefore, 𝐿2 is taken as 1mH here. 

 

(3) In order to let capacitor absorbing high frequency component, capacitive reactance of 

𝐶𝑓 is set as 𝑋𝑐(𝑓𝑠) = (0.1~0.2)𝑋𝐿2(𝑓𝑠). Based on experience, 𝐶𝑓  is taken as 50μF. 
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According to the above parameters, we can get 𝑋𝑐(2kHz) = 1.6Ω; 𝑋𝐿2(2kHz) = 12.56Ω; 

𝑋𝑐(2𝐾𝐻𝑧)

𝑋𝐿2(2𝐾𝐻𝑧)
 = 0.12. Therefore, 𝐶𝑓 = 50μF is reasonable. 

 

(4) Resonant frequency 𝑓𝑟𝑒𝑠 should be 10 times larger than the fundamental frequency of 

main power grid and smaller than 0.5𝑓𝑠. Based on 𝐿1 = 3mH, 𝐿2 = 1mH, 𝐶𝑓 = 50μF, 

resonant frequency 𝑓𝑠 can be known: 

𝑓𝑟𝑒𝑠 =
1

2𝜋
√

𝐿1+𝐿2

𝐿1×𝐿2×𝐶𝑓
= 822𝐻𝑧                                               (3.12) 

      Then, 10𝑓𝑁 ≤ 𝑓𝑟𝑒𝑠 ≤ 0.5𝑓𝑠 is required. Therefore, 𝑓𝑟𝑒𝑠 = 822Hz is reasonable. 

 

Based on the design of LCL filter above, parameters of LCL filter can be determined. For 

LCL filter, 𝐿1 = 3mH; 𝐿2 = 1mH; 𝐶𝑓 = 50μF. 

 

3.5.3 Control Strategy of Single Phase Full-Bridge DC/AC Inverter 

The use of DC/AC inverter realizes the grid-connection of PV system. The aim of using 

inverter is to achieve the output current of inverter which has the same frequency and phase 

with AC voltage of main power grid. At the same time, the harmonic waves of grid-

connected current should be reduced with the deployment of LCL filter. Therefore, the 

influence of disturbance from these harmonic waves could be largely reduced. Figure 3.19 

shows the constant voltage control as control strategy of the single phase full-bridge 

inverter, which is a double loop control. 
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Figure 3.19 Control strategy of single phase full-bridge inverter for grid-connection 

 

In order to realize the power balance of input power and output power of DC/AC inverter, 

DC bus bar voltage should be stabilized, which deploys outer voltage loop. Therefore, real 

time DC bus bar voltage 𝑈𝑑𝑐 is used to track the reference voltage of DC bus bar 𝑈𝑑𝑐_𝑟𝑒𝑓. 

The error voltage is sent into PI controller to output the magnitude of reference grid-

connected current 𝐼𝑟𝑒𝑓. At the same time, because the phase of AC voltage of main power 

grid needs to be known. AC voltage of main power grid, which is achieved by sampling, 

is sent into PLL. Thus, the phase of main power grid voltage 𝜃𝑔 could be known. Then, by 

multiplying the magnitude of grid-connected current and 𝑠𝑖𝑛𝜃𝑔 , the reference current 

output of DC/AC inverter 𝐼𝑟𝑒𝑓  is achieved. Then, real time current output of DC/AC 

inverter 𝐼𝐴𝐶 is used to track reference current output of DC/AC inverter 𝐼𝑟𝑒𝑓, which is inner 

current loop. At the end, by using SPWM modulation, PWM signal can control the single 

phase full-bridge inverter and realize the control of grid connection.  

 

3.5.4 Simulation of Single Phase Full-Bridge DC/AC Inverter Control and Its 

Analysis 

Grid connection plays a significant role in PV grid-connected household nano-grid system, 

which ensures normal operation of PV nano-grid system. Therefore, grid-current and main 

power grid voltage are simulated to show the validity of grid connection. Power output of 



 55 

residential loads 𝑃𝑙𝑜𝑎𝑑  changes in the simulation as a way to prove the robustness of 

inverter control. 

 

For this simulation, 𝑃𝑙𝑜𝑎𝑑 is set as 0kW, 4.8kW, 6.3kW at t = 0s, t = 1.5s, t = 2.5s. 𝑃𝑝𝑣 = 

8.4kW at 1000W/m2, 25℃. 𝑃𝐸𝑆𝑆_𝑠𝑐ℎ𝑒𝑑𝑢𝑙𝑒 = 3kW. Grid-connected current 𝐼𝑔𝑟𝑖𝑑_𝑐𝑜𝑛𝑛𝑒𝑐𝑡𝑒𝑑 

and main power grid voltage 𝑉𝑔𝑟𝑖𝑑 are simulated, which is shown in Figure 3.20 and Figure 

3.21. Figure 3.21 shows the enlarged simulation result of 𝐼𝑔𝑟𝑖𝑑_𝑐𝑜𝑛𝑛𝑒𝑐𝑡𝑒𝑑 and 𝑉𝑔𝑟𝑖𝑑.  

 

 

Figure 3.20 Main power grid voltage and grid connected current 
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Figure 3.21 Main power grid voltage and grid-connected current(enlarged) 

 

From Figure 3.20 and 3.21, main power grid voltage and grid connected current are in the 

same phase and same frequency, which proves the correctness of inverter control. 

 

From the Figure 3.22, the current going into main power grid is simulated. Most of 

harmonic waves are filtered by LCL filter. Fast Fourier Transform(FFT) analysis is shown 

in Figure 3.23 to prove the reliability of LCL filter. 
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Figure 3.22 Current going into main power grid 

 

 

Figure 3.23 FFT Analysis of the current going into main power grid 
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In Figure3.23, it can be seen that THD of the current going into main power grid is 4.96%, 

which is smaller than 5%. 3rd order ~ 9rd order harmonic wave of the current going into 

main power grid is smaller than 4%. 11rd order~15rd order harmonic wave of the current 

going into main power grid is smaller than 2%. Therefore, the feasibility of this LCL filter 

has been proven. 

 

3.6 Simulation Analysis of PV Grid-Connected Household Nano-Grid System  

The PV grid-connected household nano-grid system is modeled in MATLAB/Simpower 

and simulated for 3s. 𝛥𝑃  is the power fluctuation of PV and residential loads. The 

following four conditions are demonstrated: Steady state, 𝑃𝑝𝑣  changes, 𝑃𝐸𝑆𝑆_𝑠𝑐ℎ𝑒𝑑𝑢𝑙𝑒 

changes, power consumption of residential loads 𝑃𝑙𝑜𝑎𝑑 changes. Power maximum power 

generation, power consumption of residential loads, DC bus bar voltage, power scheduled 

by EMS 𝑃𝐸𝑆𝑆_𝑠𝑐ℎ𝑒𝑑𝑢𝑙𝑒, power sum of scheduled power command from EMS and power 

fluctuation 𝑃𝐸𝑆𝑆 , low frequency power of 𝑃𝐸𝑆𝑆  managed by battery 𝑃𝑏𝑎𝑡𝑡𝑒𝑟𝑦_𝑟𝑒𝑓 , high 

frequency power of 𝑃𝐸𝑆𝑆 managed by supercapacitor 𝑃𝑠𝑐_𝑟𝑒𝑓, battery charging/discharging 

current 𝐼𝑏𝑎𝑡𝑡𝑒𝑟𝑦 and supercapacitor charging/discharging current 𝐼𝑠𝑐 are displayed to prove 

the feasibility and correctness of this model. The hybrid energy storage system is 

comprised of battery and supercapacitor. Battery and supercapacitor parameters are set as 

follows: For the battery, nominal voltage is 120V. Rated capacity is 6.5A*h. Initial SOC 

is 50%. For the supercapacitor, capacitance is 60F. Capacitor initial voltage is 100V. 

 

1) At Steady State 

𝑃𝐸𝑆𝑆_𝑠𝑐ℎ𝑒𝑑𝑢𝑙𝑒, 𝑃𝑝𝑣 and 𝑃𝑙𝑜𝑎𝑑 are kept unchanged. 𝑃𝐸𝑆𝑆_𝑠𝑐ℎ𝑒𝑑𝑢𝑙𝑒 is set as 2kW. 𝑃𝑝𝑣 = 8.4kW 
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at 25℃, 1000W/m2. 𝑃𝑙𝑜𝑎𝑑 = 4kW. Therefore, we should get: 

 

𝛥𝑃 = 𝑃𝑙𝑜𝑎𝑑 − 𝑃𝑝𝑣 = 4kW − 8.4kW = −4.4kW; 

𝑃𝐸𝑆𝑆 = (𝑃𝑙𝑜𝑎𝑑 − 𝑃𝑝𝑣) + 𝑃𝐸𝑆𝑆_𝑠𝑐ℎ𝑒𝑑𝑢𝑙𝑒 = −4.4kW + 2kW = −2.4kW; 

 

Simulation results are shown below: 

 

 

Figure 3.24(a) DC bus bar voltage 
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Figure 3.24(b) PV power output 

 

Figure 3.24(c) Power consumption of loads 
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Figure 3.24(d) Optimal scheduled power command 

 

Figure 3.24(e) Power sum of scheduled power command and power fluctuation 
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Figure 3.24(f) Low frequency power component of the power sum managed by battery 

 

Figure 3.24(g) High frequency power component of the power sum managed by supercapacitor 
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Figure 3.24(h) Battery charging/discharging current 

 

Figure 3.24(i) Supercapacitor charging/discharging current 

Figure 3.24 Simulation results at steady state 
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From simulation analysis in Figure 3.24, Simulation results match the assumed condition. 

DC bus bar voltage is stabilized around 500V at steady state. The low frequency component 

of 𝑃𝐸𝑆𝑆 is managed by battery while the high frequency component of 𝑃𝐸𝑆𝑆 is managed by 

supercapacitor. The battery is charging at constant current in this condition. The 

supercapacitor is charging/discharging frequently in order to alleviate the high frequency 

component of power fluctuation.  

 

2) 𝑃𝑝𝑣 Changes 

Irradiance and temperature is set at 1000W/m2, 25℃; 800W/m2, 50℃; 400W/m2, 75℃ at 

t = 0s, 1s, 2s.𝑃𝐸𝑆𝑆_𝑠𝑐ℎ𝑒𝑑𝑢𝑙𝑒 and 𝑃𝑙𝑜𝑎𝑑   are kept unchanged. 𝑃𝐸𝑆𝑆_𝑠𝑐ℎ𝑒𝑑𝑢𝑙𝑒  = 3kW, 𝑃𝑙𝑜𝑎𝑑  = 

4kW. Therefore, we should get: 

 

At t = 0 ~ 1s: 

𝑃𝑝𝑣 = 8.4kW; 

𝛥𝑃 = 𝑃𝑙𝑜𝑎𝑑 − 𝑃𝑝𝑣 = 4kW − 8.4kW = −4.4kW; 

𝑃𝐸𝑆𝑆 = (𝑃𝑙𝑜𝑎𝑑 − 𝑃𝑝𝑣) + 𝑃𝐸𝑆𝑆_𝑠𝑐ℎ𝑒𝑑𝑢𝑙𝑒 = −4.4kW + 3kW = −1.4kW; 

 

At t = 1 ~ 2s: 

𝑃𝑝𝑣 = 6.3kW; 

𝛥𝑃 = 𝑃𝑙𝑜𝑎𝑑 − 𝑃𝑝𝑣 = 4kW − 6.3kW = −2.3kW; 

𝑃𝐸𝑆𝑆 = (𝑃𝑙𝑜𝑎𝑑 − 𝑃𝑝𝑣) + 𝑃𝐸𝑆𝑆_𝑠𝑐ℎ𝑒𝑑𝑢𝑙𝑒 = −2.3kW + 3kW = −0.7kW; 

 

At t = 2 ~ 3s: 
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𝑃𝑝𝑣 = 2.7kW; 

𝛥𝑃 = 𝑃𝑙𝑜𝑎𝑑 − 𝑃𝑝𝑣 = 4kW − 2.7kW = 1.3kW;  

𝑃𝐸𝑆𝑆 = (𝑃𝑙𝑜𝑎𝑑 − 𝑃𝑝𝑣) + 𝑃𝐸𝑆𝑆_𝑠𝑐ℎ𝑒𝑑𝑢𝑙𝑒 = 1.3kW + 3kW = 4.3kW; 

 

Simulation results are shown below: 

 

 

Figure 3.25(a) DC bus bar voltage  
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Figure 3.25(b) PV power output 

 

Figure 3.25(c) Power consumption of loads 
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Figure 3.25(d) Optimal scheduled power command 

 

Figure 3.25(e) Power sum of scheduled power command and power fluctuation 
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Figure 3.25(f) Low frequency power component of the power sum managed by battery 

 

Figure 3.25(g) High frequency power component of the power sum managed by supercapacitor 
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Figure 3.25(h) Battery charging/discharging current 

 

Figure 3.25(i) Supercapacitor charging/discharging current 

Figure 3.25 Simulation results when changing Ppv 
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From simulation analysis in Figure 3.25, simulation results match the required condition. 

DC bus bar voltage is stabilized around 500V at steady state. Due to the change of 𝑃𝑝𝑣 at t 

= 1s and t = 2s, the DC bus bar voltage fluctuates in transient state and goes back to steady 

state quickly, which shows the acceptable performance of transient response. The low 

frequency component of 𝑃𝐸𝑆𝑆 is managed by battery while the high frequency component 

of 𝑃𝐸𝑆𝑆 is managed by supercapacitor. The battery is charging at constant current before t 

= 1s and discharging after t = 1s. The supercapacitor is charging/discharging frequently in 

order to alleviate the high frequency component of power fluctuation. At t = 1s and t = 2s, 

because of sudden change of 𝑃𝑃𝑉, supercapacitor ensures the quick response of transient 

state, which compensates battery disadvantage.  

 

3) 𝑃𝐸𝑆𝑆_𝑠𝑐ℎ𝑒𝑑𝑢𝑙𝑒 Changes 

𝑃𝐸𝑆𝑆_𝑠𝑐ℎ𝑒𝑑𝑢𝑙𝑒 is set as 2kW, 8kW, 6kW at t = 0s, 1s, 2s. 𝑃𝑝𝑣 and 𝑃𝑙𝑜𝑎𝑑  are kept unchanged. 

𝑃𝑝𝑣 = 8.4kW at 25℃, 1000W/m2. 𝑃𝑙𝑜𝑎𝑑 = 4kW. Therefore, we should get: 

 

𝛥𝑃 = 𝑃𝑙𝑜𝑎𝑑 − 𝑃𝑝𝑣 = 4kW − 8.4kW = −4.4kW; 

 

At t = 0 ~ 1s: 

𝑃𝐸𝑆𝑆 = (𝑃𝑙𝑜𝑎𝑑 − 𝑃𝑝𝑣) + 𝑃𝐸𝑆𝑆_𝑠𝑐ℎ𝑒𝑑𝑢𝑙𝑒 = −4.4kW + 2kW = −2.4kW; 

 

At t = 1 ~ 2s: 

𝑃𝐸𝑆𝑆 = (𝑃𝑙𝑜𝑎𝑑 − 𝑃𝑝𝑣) + 𝑃𝐸𝑆𝑆_𝑠𝑐ℎ𝑒𝑑𝑢𝑙𝑒 = −4.4kW + 8kW = 3.6kW; 
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At t = 2 ~ 3s:  

𝑃𝐸𝑆𝑆 = (𝑃𝑙𝑜𝑎𝑑 − 𝑃𝑝𝑣) + 𝑃𝐸𝑆𝑆_𝑠𝑐ℎ𝑒𝑑𝑢𝑙𝑒 = −4.4kW + 6kW = 1.6kW; 

 

The simulation results are shown below:  

 

 

Figure 3.26(a) DC bus bar voltage  
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Figure 3.26(b) PV power output 

 

Figure 3.26(c) Power consumption of loads 
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Figure 3.26(d) Optimal scheduled power command 

 

Figure 3.26(e) Power sum of scheduled power command and power fluctuation 

 



 74 

 

Figure 3.26(f) Low frequency power component of the power sum managed by battery 

 

Figure 3.26(g) High frequency power component of the power sum managed by supercapacitor 
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Figure 3.26(h) Battery charging/discharging current 

 

Figure 3.26(i) Supercapacitor charging/discharging current 

Figure 3.26 Simulation results when changing PESS_schedule 
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From simulation analysis in Figure 3.26, simulation results match the required condition. 

DC bus bar voltage is stabilized around 500V at steady state. Due to the change of 

𝑃𝐸𝑆𝑆_𝑠𝑐ℎ𝑒𝑑𝑢𝑙𝑒 at t = 1s and t = 2s, the DC bus bar voltage fluctuates in transient state and 

goes back to steady state quickly, which shows the acceptable performance of transient 

response. The low frequency component of 𝑃𝐸𝑆𝑆  is managed by battery while the high 

frequency component of 𝑃𝐸𝑆𝑆  is managed by supercapacitor. The battery is charging at 

constant current before t = 1s and discharging after t = 1s. The supercapacitor is charging/ 

discharging frequently in order to alleviate the high frequency component of power 

fluctuation. At t = 1s and t = 2s, because of sudden change of 𝑃𝐸𝑆𝑆_𝑠𝑐ℎ𝑒𝑑𝑢𝑙𝑒, supercapacitor 

ensures the quick response of transient state, which compensate battery disadvantage.  

 

4) 𝑃𝑙𝑜𝑎𝑑 Changes 

𝑃𝑙𝑜𝑎𝑑  changes with the variation of residential loads. Resistors are used to represent 

residential loads. By modifying house loads values, 𝑃𝑙𝑜𝑎𝑑 changes. 𝑃𝑙𝑜𝑎𝑑 = 0kW, 4.8kW, 

6.3kW at t = 0s, t = 1.5s, t = 2.5s. 𝑃𝑝𝑣 = 8.4kW at 1000W/m2, 25℃. 𝑃𝐸𝑆𝑆_𝑠𝑐ℎ𝑒𝑑𝑢𝑙𝑒 = 3kW. 

A step signal is added for 𝑃𝑏𝑎𝑡𝑡𝑒𝑟𝑦_𝑟𝑒𝑓  and 𝑃𝑠𝑐_𝑟𝑒𝑓  in order to avoid the fluctuation of 

system starting process. Therefore, we should get: 

 

At t = 0 ~ 1.5s: 

𝛥𝑃 = 𝑃𝑙𝑜𝑎𝑑 − 𝑃𝑝𝑣 = 0kW − 8.4kW = −8.4kW; 

𝑃𝐸𝑆𝑆 = (𝑃𝑙𝑜𝑎𝑑 − 𝑃𝑝𝑣) + 𝑃𝐸𝑆𝑆_𝑠𝑐ℎ𝑒𝑑𝑢𝑙𝑒 = (0kW − 8.4kW) + 3kW = −5.4kW;  

 

At t = 1.5 ~ 2.5s: 
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𝛥𝑃 = 𝑃𝑙𝑜𝑎𝑑 − 𝑃𝑝𝑣 = 4.8kW− 8.4kW = −3.6kW; 

𝑃𝐸𝑆𝑆 = (𝑃𝑙𝑜𝑎𝑑 − 𝑃𝑝𝑣) + 𝑃𝐸𝑆𝑆_𝑠𝑐ℎ𝑒𝑑𝑢𝑙𝑒 = (4.8kW − 8.4kW) + 3kW = −0.6kW; 

 

At t = 2.5 ~ 3s: 

𝛥𝑃 = 𝑃𝑙𝑜𝑎𝑑 − 𝑃𝑝𝑣 = 6.3kW− 8.4kW = −2.1kW;  

𝑃𝐸𝑆𝑆 = (𝑃𝑙𝑜𝑎𝑑 − 𝑃𝑝𝑣) + 𝑃𝐸𝑆𝑆_𝑠𝑐ℎ𝑒𝑑𝑢𝑙𝑒 = (6.3kW − 8.4kW) + 3kW = 0.9kW;  

 

The simulation results are shown below: 

 

 

Figure 3.27(a) DC bus bar voltage 
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Figure 3.27(b) PV power output 

 

Figure 3.27(c) Power consumption of loads 
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Figure 3.27(d) Optimal scheduled power command 

 

Figure 3.27(e) Power sum of scheduled power command and power fluctuation 
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Figure 3.27(f) Low frequency power component of the power sum managed by battery 

 

Figure 3.27(g) High frequency power component of the power sum managed by supercapacitor 
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Figure 3.27(h) Battery charging/discharging current 

 

Figure 3.27(i) Supercapacitor charging/discharging current 

Figure 3.27 Simulation results when changing Pload 
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From simulation analysis in Figure 3.27, simulation results match the required condition. 

In order to avoide the fluctuation of system starting process, a step signal is added for 

𝑃𝑏𝑎𝑡𝑡𝑒𝑟𝑦_𝑟𝑒𝑓  and 𝑃𝑠𝑐_𝑟𝑒𝑓.  The step signal is activated at t = 0.8s. Therefore, system 

fluctuation happens at t = 0.8s, which can be seen in Figure 3.27. DC bus bar voltage is 

stabilized around 500V at steady state. DC voltage fluctuates at t = 0.8s when the step 

signal is activated. Also, due to the change of 𝑃𝑙𝑜𝑎𝑑 at t = 1.5s and t = 2.5s, the DC bus bar 

voltage fluctuates in transient state and goes back to steady state quickly, which shows the 

acceptable performance of transient response. The low frequency component of 𝑃𝐸𝑆𝑆 is 

managed by battery while the high frequency component of 𝑃𝐸𝑆𝑆  is managed by 

supercapacitor. The battery is charging at constant current before t = 2.5s and discharging 

after t = 2.5s. The supercapacitor is charging/discharging frequently in order to alleviate 

the high frequency component of power fluctuation. At t = 1.5s and t = 2.5s, because of 

sudden change of 𝑃𝑙𝑜𝑎𝑑, supercapacitor ensures the quick response of transient state, which 

compensate battery disadvantage.  

 

Power balance is satisfied in PV grid-connected household nano-grid system. Therefore, 

in this model, we have power balance equation: 

 

𝑃𝑝𝑣 + 𝑃𝐸𝑆𝑆 + 𝑃𝑔𝑟𝑖𝑑 = 𝑃𝑙𝑜𝑎𝑑 

 

𝑃𝑔𝑟𝑖𝑑 is the exchanging power between PV nano-grid system and main power grid. Due to 

the existence of 𝑃𝑝𝑣 , 𝑃𝐸𝑆𝑆 , 𝑃𝑙𝑜𝑎𝑑 , 𝑃𝑔𝑟𝑖𝑑  can be known from power balance equation. 

Therefore, we can assume that: 
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𝑃𝑔𝑟𝑖𝑑 > 0, power is exchanged from main power grid to PV nano-grid system. 

𝑃𝑔𝑟𝑖𝑑 < 0, power is exchanged from PV nano-grid system to main power grid. 

 

The interaction between PV nano-grid system and main power grid can be analyzed by 

utilizing power balance equation. 𝑃𝐸𝑆𝑆 is the power command integrated with optimized 

power scheduled from EMS and power fluctuation, which determines charging or 

discharging. 𝑃𝑔𝑟𝑖𝑑 can be known from power balance equation. When 𝑃𝑔𝑟𝑖𝑑 < 0, power is 

sent from PV nano-grid system to main power grid. At this time, customer power demand 

on main power grid is very high such as in the morning so that main power grid is in power 

shortage situation. PV nano-grid system sends power to alleviate the high power demand 

on main power grid. Furthermore, electric price is high at this time due to high power 

demand time period. PV nano-grid system sells power to main power grid to achieve 

economic benefit. When 𝑃𝑔𝑟𝑖𝑑 > 0, power is sent from main power grid to PV nano-grid 

system. At this time, customer power demand on main power grid is low such as at 

midnight so that main power grid is in power surplus situation. Electric price is lower at 

this time due to low power demand time period. Therefore, PV nano-grid system can buy 

power from power main grid to achieve economic benefit. In Figure 3.27, at t = 2.5s ~ 3s 

in this simulation, 𝑃𝐸𝑆𝑆 is 0.9kW as optimized power command that battery is discharging. 

𝑃𝑔𝑟𝑖𝑑, which is -3kW, can be achieved by using power balance equation. Therefore, power 

is sent from PV nano-grid system to main power grid and PV nano-grid system achieves 

economic benefit.  
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3.7 Summary 

The chapter focuses on the model and analysis of PV grid-connected household nano-grid 

system. Based on the structure of PV nano-grid system, the control systems for PV DC/DC 

boost converter, the bi-directional DC/DC buck/boost converters in energy storage system 

and single phase full-bridge DC/AC inverter are proposed. MPPT is used for the control of 

PV DC/DC boost converter as a way to achieve the maximum power output of PV module. 

Energy storage system can be taken as the execution unit of upper EMS. The constant 

power control with the consideration of battery protection for the bi-directional DC/DC 

buck/boost converters of battery module and supercapacitor module is utilized. By using 

the frequency division, battery is responsible for managing the low frequency component 

of the sum of the scheduled power command and the power fluctuation of PV and 

residential loads while the supercapacitor is responsible for the high frequency component 

of the sum of the scheduled power command and the power fluctuation of PV and 

residential loads. The two energy storage devices are complementary in function. Single 

phase full-bridge DC/AC inverter deploys the constant voltage control to maintain the 

voltage stability of DC bus bar. The model of PV grid-connected household nano-grid 

system is simulated in MATLAB/Simpower. The reasonable simulation results at various 

conditions can prove the correctness of control systems listed above. The model of PV 

grid-connected household nano-grid system is significant for proving the proposed EMS 

energy management strategy in this thesis, which builds for the foundation for the 

realization of upper EMS. Furthermore, in the future, more accurate load prediction method 

will be used in the proposed energy management strategy based on this PV nano-grid 

system model. In addition, this PV nano-grid system model can be used for the EMS based 
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on Artificial Intelligence (AI) proposed in the future, which is contributive. 
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4    Chapter: Energy Management Strategy of EMS in PV Grid-

Connected Household Nano-grid System 

In this chapter, based on the PV prediction and load prediction data, a long-term (more than 

one day) optimal scheduling algorithm is proposed for the energy storage system in the 

nano-grid system, to better organize the charging/discharging action of the battery. The 

rolling optimization technique is used to generate hourly optimal scheduling decision. 

Moreover, a smoothing function is designed to alleviate the power fluctuation of the main 

grid in minutes level caused by real time PV and load variations. Figure 4.1 shows the 

schematic diagram of upper energy management strategy. 
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Figure 4.1 Schematic diagram of upper energy management strategy 
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4.1 Household Load Prediction 

Residential loads are inherently random. In the long-term optimal scheduling algorithm, 

the load prediction is based on the history data of the residential loads usage. The load 

prediction is based on the double exponential smoothing method for 24 hours prediction. 

In the double exponential smoothing method, the predicted value has a high fitting degree 

with its original time sequence. This method is relatively simple and effective on predicting 

non-straight linear trend curve.   

 

The double exponential smoothing method is described as follows. 

                                                 𝑆𝑡
(1)
= 𝑎𝑌𝑡 + (1 − 𝑎)𝑆𝑡−1

(1)
                                                             (4.1) 

𝑎 is smoothing parameter, 𝑌𝑡 is the observation, and 𝑆𝑡
(1)

 is the smoothing value. Double 

exponential smoothing value is denoted as 𝑆𝑡
(2)

, which is the smoothing value of single 

exponential smoothing value 𝑆𝑡
(1)

. It can be written as: 

                                                 𝑆𝑡
(2)
= 𝑎𝑆𝑡

(1)
+ (1 − 𝑎)𝑆𝑡−1

(2)
                                                     (4.2)  

 

The double exponential smoothing is mainly used on predicting linear-trend time sequence 

with variable parameters. Linear-trend time sequence with variable parameters can be 

expressed as: 

  𝐹𝑡+𝑇 = 𝑎𝑡 + 𝑏𝑡𝑇                                                                (4.3) 

where, 𝑎𝑡 and 𝑏𝑡 are time-varying parameters, 𝑇 is the prediction period ahead of 𝑡, and 

𝐹𝑡+𝑇 is the forecast 𝑇 period ahead of 𝑡. 

 

The variable parameters can be expressed as: 
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                                      {
𝑎𝑡 = 2𝑆𝑡

(1)
− 𝑆𝑡

(2)

𝑏𝑡 =
𝑎

1−𝑎
(𝑆𝑡

(1) − 𝑆𝑡
(2))

                                                   (4.4)     

 

Then we can take the variable parameters in (4.4) into (4.3), which can have the potential 

on predicting infinite time periods. If the prediction period is 𝑇 = 1, it can be expressed as: 

𝐹𝑡+1 = 𝑎𝑡 + 𝑏𝑡 = 2𝑆𝑡
(1) − 𝑆𝑡

(2) +
𝑎

1+𝑎
(𝑆𝑡

(1) − 𝑆𝑡
(2)) =

2−𝑎

1−𝑎
𝑆𝑡
(1) −

1

1−𝑎
𝑆𝑡
(2)

           (4.5)  

The value of smoothing factor 𝑎  determines the smoothing level and response time 

between prediction and actual situations.     

 

In general, we can summarize the double exponential smoothing by equations: 

                                                𝑆𝑡
(1)
= 𝑎𝑌𝑡 + (1 − 𝑎)𝑆𝑡−1

(1)  

 

𝑆𝑡
(2)
= 𝑎𝑆𝑡

(1)
+ (1 − 𝑎)𝑆𝑡−1

(2)
                                                     (4.6) 

 

                                                {
𝑎𝑡 = 2𝑆𝑡

(1)
− 𝑆𝑡

(2)

𝑏𝑡 =
𝑎

1−𝑎
(𝑆𝑡

(1) − 𝑆𝑡
(2))

 

                                                

                                                𝐹𝑡+𝑇 = 𝑎𝑡 + 𝑏𝑡𝑇                                                                      

 

Where 

• 𝑌     = observation 

• 𝑆𝑡
(1)

 = single smoothing observation 
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• 𝑆𝑡
(2)

 = double smoothing observation 

• 𝑎     = estimated level, smoothing parameter 

• 𝑏     = estimated trend factor 

• 𝐹     = forecast 𝑇 periods ahead 

• 𝑡      = time period 

• 𝑇     = periods ahead of 𝑡 

 

Steps of conducting the algorithm for prediction are shown as follows. 

(1) Compute mean value (the duration is 1 hour) from the original value; 

(2) Select the same period of each day as the observation 𝑌(𝑚, 𝑛); 𝑚 means total days, 

and 𝑛 means total periods of one day. In this case, 𝑚 = 30 and 𝑛 = 24.  

(3) Calculate each forecasting value 𝐹(𝑡 + 1, 𝑗) at 𝑗 hour for the day of (𝑡 + 1).  

(4) Combine all forecasting value 𝐹(𝑡 + 1, : ) as the curve of (𝑡 + 1) day. This curve has 

24 points. 

 

Table 1 Forecasting Values in t+1 Days 

       Hour 

Period 

(day) 

1 2 … 24 

1 𝑌(1,1) 𝑌(1,2) … 𝑌(1,24) 

2 𝑌(2,1) 𝑌(2,2) … 𝑌(2,24) 

… … … … … 

𝑡 𝑌(𝑡,1) 𝑌(𝑡,2) … 𝑌(𝑡,24) 

Forecasting 𝐹(𝑡+1,1) 𝐹(𝑡+1,2) … 𝐹(𝑡+1,24) 
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In the end, we can get: 

𝑓(𝑡 + 1)  =  [𝐹(𝑡 + 1,1), 𝐹(𝑡 + 1,2), … , 𝐹(𝑡 + 1,24)]               (4.7) 

Figure 4.2 shows the load prediction result of August 2009 for a household loads based on 

[54]. 

 

Figure 4.2(a) Load prediction result for Aug.2009 

 

 

Figure 4.2(b) Load prediction result for two days in Aug.2009 

Figure 4.2 Load prediction result 
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From Figure 4.2, it can be seen that load prediction has error compared with real load 

data especially at load peak time. 

 

4.2 Long-Term Optimal Scheduling for Energy Storage System in PV Grid-

Connected Household Nano-Grid System 

Based on the prediction data of PV power generation in 24 hours, load prediction data in 

24 hours, ToU electricity pricing and battery SOC, the long-term optimal scheduling 

algorithm can determine the charging/discharging action for the battery in the energy 

storage system. In this thesis, the rolling optimization method is designed to solve the long-

term optimal scheduling problem for the energy storage system. In the rolling optimization 

method, 24 hours are seen as a cycle and one hour is defined as a scheduling time span to 

realize optimal power scheduling, as shown in Figure 4.3. At each power scheduling point, 

which has one hour interval, the optimal powers are scheduled for 24 hours. However, only 

the optimized vector in first grid is used as other 23 optimized vectors are not accurate and 

abandoned. The adopted optimized vector shows the current operation state of PV nano-

grid system. The optimization data window rolls one grid when the next scheduling point 

arrives after one hour. In Figure 4.3, the oblique data frame shows the adopted power 

command sequence. The dotted line grid shows the finished power scheduling command 

sequence. Therefore, with the power scheduling points going on, the data in optimization 

data window is updated when rolling every one hour. And the length of optimization data 

window keeps unchanged. Because the updating of PV and load prediction data is 

considered in rolling optimization method, the prediction error can be reduced. Optimal 

scheduled power command reserved at every one hour power scheduling time points can 
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be achieved by using rolling optimization method. 
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Figure 4.3 Rolling optimization method 

 

The rolling optimization model is introduced as follows. 

1) The setting of variables  

 

𝑃𝐸𝑆𝑆𝑐ℎ𝑎𝑟𝑔𝑒(𝑃𝑒𝑐): Battery charging power. 

𝑃𝐸𝑆𝑆𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒(𝑃𝑒𝑑): Battery discharging power. 

𝑃𝐺𝑟𝑖𝑑𝐼𝑛(𝑃𝑔𝑖): the exchanging power from main power grid to PV nano-grid system. 

𝑃𝐺𝑟𝑖𝑑𝑂𝑢𝑡(𝑃𝑔𝑜): the exchanging power from PV nano-grid system to main power grid. 

𝑆𝑂𝐶: State of charge of battery.  

𝑆𝐸𝑆𝑆(𝑆𝑒): State of energy storage system, 1 for charging; 0 for discharging. 

𝑆𝐺𝑟𝑖𝑑(𝑆𝑔): State of PV nano-grid system, 1 for power in, 0 for power out. 
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The seven variables above can be expressed as a vector: 

                                     𝑥(𝑡) =

[
 
 
 
 
 
 
 
𝑃𝑒𝑐(𝑡)
𝑃𝑒𝑑(𝑡)
𝑃𝑔𝑖(𝑡)

𝑃𝑔𝑜(𝑡)

𝑆𝑂𝐶(𝑡)
𝑆𝑒(𝑡)
𝑆𝑔(𝑡) ]

 
 
 
 
 
 
 

7×1

                                                      (4.8) 

 

24 hours is the whole scheduling cycle. One hour is the scheduling time span, which 

schedules the optimized variables every one hour by rolling optimization. Optimization 

data window has 𝑁 = 24 vector groups, which corresponds to 24 grids. Every group has 

seven variables, which can be expressed as: 

      𝑋 = [

𝑥(𝑡1)

𝑥(𝑡2)
⋯

𝑥(𝑡𝑁)

]

7𝑁×1

                                                                   (4.9) 

 

The battery charging or discharging power 𝑃𝐸𝑆𝑆 (At this time, 𝑃𝐸𝑆𝑆 = 𝑃𝐸𝑆𝑆_𝑠𝑐ℎ𝑒𝑑𝑢𝑙𝑒) can be 

positive or negative. When 𝑃𝐸𝑆𝑆  > 0, battery is discharging. When 𝑃𝐸𝑆𝑆  < 0, battery is 

charging. The exchange of power between PV nano-grid system and main power grid is 

expressed as 𝑃𝑔𝑟𝑖𝑑. When 𝑃𝑔𝑟𝑖𝑑 > 0 the exchanging power is from main power grid to PV 

nano-grid system. When 𝑃𝑔𝑟𝑖𝑑 < 0 the exchanging power is from PV nano-grid system to 

main power grid. Therefore,  

                                                         𝑃𝐸𝑆𝑆 = 𝑃𝑒𝑑 − 𝑃𝑒𝑐                                                       (4.10) 

 𝑃𝐺𝑟𝑖𝑑 = 𝑃𝑔𝑖 − 𝑃𝑔𝑜                                                      (4.11) 
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2) Objective function  

Objective function, which satisfies equality constraints and inequality constraints, is the 

minimized operational cost of PV nano-grid system. Equality constraints are the power 

balance of PV nano-grid system and cross-time battery capacity while inequality 

constraints are concentrating on the operating reliability of PV nano-grid system. Based on 

PV prediction data, residential load prediction data, ToU electricity price and battery SOC, 

the operating variables can be obtained by solving the mathematical model that is built 

from objective function and constraints. The operating variables include battery charging 

power, battery discharging power, the exchange of power from main power grid to PV 

nano-grid system, the exchanging power from PV nano-grid system to main power grid, 

SOC of battery, state of energy storage system and state of PV nano-grid system. The 

objective function is: 

𝑚𝑖𝑛∑ {𝑓𝐶𝑜𝑠𝑡.𝐸𝑆𝑆(𝑡) + 𝑓𝐶𝑜𝑠𝑡[𝑃𝐺𝑟𝑖𝑑
𝐼𝑛 (𝑡)] − 𝑓𝑅𝑒𝑣𝑒𝑛𝑢𝑒[𝑃𝐺𝑟𝑖𝑑

𝑂𝑢𝑡 (𝑡)]}𝑁
𝑡=1         (4.12) 

      =  ∑ {[𝑘𝑐𝑃𝑒𝑐(𝑡) + 𝑘𝑑𝑃𝑒𝑑(𝑡)] + [𝑘𝑖(𝑡)𝑃𝑔𝑖(𝑡) − 𝑘𝑜(𝑡)𝑃𝑔𝑜(𝑡)]}
𝑁

𝑡=1
𝛥𝑇 

=∑𝛥𝑇

𝑁

𝑡=1

[𝑘𝑐 𝑘𝑑 𝑘𝑖(𝑡) 𝑘𝑜(𝑡) 0 0 0]𝑥                                 

                      = ∑𝑓𝑥𝑥

𝑁

𝑡=1

= [𝑓𝑥 𝑓𝑥 ⋯ 𝑓𝑥](1,7𝑁)𝑋(7𝑁,1)  

                      = 𝑓𝑋                                                                                                                                           

                      = 𝑓𝑣𝑎𝑙          

      

In equation (4.12), 𝑓𝑣𝑎𝑙 is the minimized operational cost. 𝑁 = 24 is the total scheduling 

time spans. 𝑓𝐶𝑜𝑠𝑡.𝐸𝑆𝑆(𝑡) is the operational cost of battery. 𝑓𝐶𝑜𝑠𝑡[𝑃𝐺𝑟𝑖𝑑
𝐼𝑛 (𝑡)] is the cost of 
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buying electricity from main power grid. 𝑓𝑅𝑒𝑣𝑒𝑛𝑢𝑒[𝑃𝐺𝑟𝑖𝑑
𝑂𝑢𝑡 (𝑡)] is benefit of selling electricity 

to main power grid. 𝛥𝑇 is the scheduling time span, which is the rolling time span. 𝑘𝑐 is 

battery charging price per kWh. 𝑘𝑑 is the battery discharging price per kWh. 𝑘𝑖(𝑡) is the 

buying electricity price per kWh from main power grid. 𝑘𝑜(𝑡) is the selling electricity price 

per kWh to main power grid. 

 

3) Equality constraints 

(1) Constraint of power balance of PV nano-grid system 

The exchanging power between PV nano-grid system and main power grid, optimized 

power command for energy storage system charging or discharging, PV power generation 

and power consumption of residential loads are shown in the power balance equation 

below: 

𝑃𝑔𝑟𝑖𝑑 + 𝑃𝐸𝑆𝑆 = (𝑃𝑔𝑖 − 𝑃𝑔𝑜) + (𝑃𝑒𝑑 − 𝑃𝑒𝑐) = 𝑃𝑙𝑜𝑎𝑑 − 𝑃𝑝𝑣 

 

   [−1 1 1 −1 0 0 0]

[
 
 
 
 
 
 
 
𝑃𝑒𝑐
𝑃𝑒𝑑
𝑃𝑔𝑖
𝑃𝑔𝑜
𝑆𝑂𝐶
𝑆𝑒
𝑆𝑔 ]

 
 
 
 
 
 
 

= [𝑃𝑙𝑜𝑎𝑑 − 𝑃𝑝𝑣]                           (4.13)                                        

 

   𝐴𝑒𝑞.𝑝𝑜𝑤𝑒𝑟|(𝑁,7𝑁)𝑋7𝑁×1 = 𝑏𝑒𝑞.𝑝𝑜𝑤𝑒𝑟|(𝑁,1)                                                                                             

 

In (4.13), 𝑃𝑙𝑜𝑎𝑑 and 𝑃𝑝𝑣 is based on PV prediction and load prediction.  

 

(2) Constraint of cross-time battery capacity  
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The battery capacity change during power scheduling time point 𝑡 and 𝑡 − 1 should be 

equal to the difference of battery charging and discharging capacity during [𝑡 − 1, 𝑡]. This 

relationship can be expressed as following: 

[𝑆𝑂𝐶(𝑡) − 𝑆𝑂𝐶(𝑡 − 1)]𝐶𝑎𝑝 = 𝛥𝑇(𝜂𝒄𝑃𝐸𝑆𝑆
+ (𝑡) −

𝑃𝐸𝑆𝑆
− (𝑡)

𝜂𝑑
)                  (4.14)                                                           

⇨    𝐶𝑎𝑝 ∙ 𝑆𝑂𝐶(𝑡 − 1) + 𝛥𝑇𝜂𝑐𝑃𝑒𝑐(𝑡) −
𝛥𝑇

𝜂𝑑
𝑃𝑒𝑑(𝑡) − 𝐶𝑎𝑝 ∙ 𝑆𝑂𝐶(𝑡) = 0     

 

In (4.14), 𝐶𝑎𝑝 is the total battery capacity. 𝜂𝑐 is the battery charging efficiency. 𝜂𝑑 is the 

battery discharging efficiency. 𝛥𝑇 is scheduling time interval. (4.14) can be expressed as a 

vector: 

[0 0 0 0 𝐶𝑎𝑝 0 0 𝛥𝑇𝜂𝑐
−𝛥𝑇

𝜂𝑑
0 0 −𝐶𝑎𝑝 0 0]

[
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
𝑃𝑒𝑐(𝑡 − 1)
𝑃𝑒𝑑(𝑡 − 1)
𝑃𝑔𝑖(𝑡 − 1)

𝑃𝑔𝑜(𝑡 − 1)

𝑆𝑂𝐶(𝑡 − 1)
𝑆𝑒(𝑡 − 1)
𝑆𝑔(𝑡 − 1)

𝑃𝑒𝑐(𝑡)
𝑃𝑒𝑑(𝑡)
𝑃𝑔𝑖(𝑡)
𝑃𝑔𝑜(𝑡)

𝑆𝑂𝐶(𝑡)
𝑆𝑒(𝑡)
𝑆𝑔(𝑡) ]

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

= 0 

      ⇨     𝐴𝑒𝑞𝑆𝑂𝐶|(𝑁,7𝑁)𝑋7𝑁×1 = 𝑏𝑒𝑞𝑆𝑂𝐶|(𝑁,1)                                                            (4.15)  

 

Therefore, two equality constraints above can be combined as: 

   𝐴𝑒𝑞𝑋 = 𝑏𝑒𝑞; where 𝐴𝑒𝑞 = [
𝐴𝑒𝑞.𝑝𝑜𝑤𝑒𝑟
𝐴𝑒𝑞𝑆𝑂𝐶

]
2𝑁×7𝑁

; 𝑏𝑒𝑞 = [
𝑏𝑒𝑞.𝑝𝑜𝑤𝑒𝑟
𝑏𝑒𝑞𝑆𝑂𝐶

]
2𝑁×1

               (4.16) 
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4)  Inequality constraints 

(1) Constraint of battery SOC  

𝑆𝑂𝐶𝑚𝑖𝑛 ≤ 𝑆𝑂𝐶 ≤ 𝑆𝑂𝐶𝑚𝑎𝑥                                      (4.17) 

𝑆𝑂𝐶𝑚𝑖𝑛 and 𝑆𝑂𝐶𝑚𝑎𝑥 are the lower and upper limit of battery 𝑆𝑂𝐶. 

 

(2) Constraint of battery charging and discharging power  

𝑃𝐸𝑆𝑆𝑚𝑖𝑛 ≤ 𝑃𝐸𝑆𝑆 ≤ 𝑃𝐸𝑆𝑆𝑚𝑎𝑥                                            (4.18)  

linearization

    {
𝑆𝑒𝑃𝑒𝑐𝑚𝑖𝑛 ≤ 𝑃𝑒𝑐 ≤ 𝑆𝑒𝑃𝑒𝑐𝑚𝑎𝑥

(1 − 𝑆𝑒)𝑃𝑒𝑑𝑚𝑖𝑛 ≤ 𝑃𝑒𝑑 ≤ (1 − 𝑆𝑒)𝑃𝑒𝑑𝑚𝑎𝑥
 

 

In (4.18), 𝑃𝐸𝑆𝑆𝑚𝑎𝑥  and 𝑃𝐸𝑆𝑆𝑚𝑖𝑛  are the maximum charging or discharging power and 

minimum charging or discharging power respectively. 𝑃𝑒𝑐𝑚𝑎𝑥  and 𝑃𝑒𝑐𝑚𝑖𝑛  are the 

maximum battery charging power and minimum battery charging power respectively. 

𝑃𝑒𝑑𝑚𝑎𝑥  and 𝑃𝑒𝑑𝑚𝑖𝑛  are the maximum battery discharging power and minimum battery 

discharging power respectively. This inequality constraint can be expressed as: 

           {

−𝑃𝑒𝑐 + 𝑃𝑒𝑐𝑚𝑖𝑛𝑆𝑒 ≤ 0
𝑃𝑒𝑐 − 𝑃𝑒𝑐𝑚𝑎𝑥𝑆𝑒 ≤ 0

−𝑃𝑒𝑑 − 𝑃𝑒𝑑𝑚𝑖𝑛𝑆𝑒 ≤ −𝑃𝑒𝑑𝑚𝑖𝑛
𝑃𝑒𝑑 + 𝑃𝑒𝑑𝑚𝑎𝑥𝑆𝑒 ≤ 𝑃𝑒𝑑𝑚𝑎𝑥

 

⇨      [

−1 0 0 0 0 𝑃𝑒𝑐𝑚𝑖𝑛 0
1 0 0 0 0 −𝑃𝑒𝑐𝑚𝑎𝑥 0
0 −1 0 0 0 −𝑃𝑒𝑑𝑚𝑖𝑛 0
0 1 0 0 0 𝑃𝑒𝑑𝑚𝑎𝑥 0

]

[
 
 
 
 
 
 
 
𝑃𝑒𝑐
𝑃𝑒𝑑
𝑃𝑔𝑖
𝑃𝑔𝑜
𝑆𝑂𝐶
𝑆𝑒
𝑆𝑔 ]

 
 
 
 
 
 
 

≤ [

0
0

−𝑃𝑒𝑑𝑚𝑖𝑛
𝑃𝑒𝑑𝑚𝑎𝑥

] 

⇨       𝐴𝑃𝑒𝑥 ≤ 𝑏𝑃𝑒                                                                                                   (4.19)  
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(3) Constraint of the exchanging power between PV nano-grid system and main power 

grid 

𝑃𝐺𝑟𝑖𝑑𝑚𝑖𝑛 ≤ 𝑃𝐺𝑟𝑖𝑑 ≤ 𝑃𝐺𝑟𝑖𝑑𝑚𝑎𝑥                                                  (4.20) 

linearization

    {
𝑆𝑔𝑃𝑔𝑖𝑚𝑖𝑛 ≤ 𝑃𝑔𝑖 ≤ 𝑆𝑔𝑃𝑔𝑖𝑚𝑎𝑥

(1 − 𝑆𝑔)𝑃𝑔𝑜𝑚𝑖𝑛 ≤ 𝑃𝑔𝑜 ≤ (1 − 𝑆𝑔)𝑃𝑔𝑜𝑚𝑎𝑥
 

 

In (4.20), 𝑃𝐺𝑟𝑖𝑑𝑚𝑎𝑥 and 𝑃𝐺𝑟𝑖𝑑𝑚𝑖𝑛 are the maximum exchanging power between PV nano-

grid system and main power grid and minimum exchanging power between PV nano-grid 

system and main power grid respectively. 𝑃𝑔𝑖𝑚𝑎𝑥 and 𝑃𝑔𝑖𝑚𝑖𝑛 are the maximum exchanging 

power from main power grid to PV nano-grid system and the minimum exchanging power 

from main power grid to PV nano-grid system respectively. 𝑃𝑔𝑜𝑚𝑎𝑥  and 𝑃𝑔𝑜𝑚𝑖𝑛  are the 

maximum exchanging power from PV nano-grid system to main power grid and the 

minimum exchanging power from PV nano-grid system to main power grid respectively. 

This inequality can be expressed as: 

 

{
 
 

 
 −𝑃𝑔𝑖 + 𝑃𝑔𝑖𝑚𝑖𝑛𝑆𝑔 ≤ 0

𝑃𝑔𝑖 − 𝑃𝑔𝑖𝑚𝑎𝑥𝑆𝑔 ≤ 0

−𝑃𝑔𝑜 − 𝑃𝑔𝑜𝑚𝑖𝑛𝑆𝑔 ≤ −𝑃𝑔𝑜𝑚𝑖𝑛
𝑃𝑔𝑜 + 𝑃𝑔𝑜𝑚𝑎𝑥𝑆𝑔 ≤ 𝑃𝑔𝑜𝑚𝑎𝑥

            

                     ⇨     

[
 
 
 
 
0 0 −1 0 0 0 𝑃𝑔𝑖𝑚𝑖𝑛
0 0 1 0 0 0 −𝑃𝑔𝑖𝑚𝑎𝑥
0 0 0 −1 0 0 −𝑃𝑔𝑜𝑚𝑖𝑛
0 0 0 1 0 0 𝑃𝑔𝑜𝑚𝑎𝑥 ]

 
 
 
 

[
 
 
 
 
 
 
 
𝑃𝑒𝑐
𝑃𝑒𝑑
𝑃𝑔𝑖
𝑃𝑔𝑜
𝑆𝑂𝐶
𝑆𝑒
𝑆𝑔 ]

 
 
 
 
 
 
 

≤ [

0
0

−𝑃𝑔𝑜𝑚𝑖𝑛
𝑃𝑔𝑜𝑚𝑎𝑥

] 

⇨       𝐴𝑃𝑔𝑥 ≤ 𝑏𝑃𝑔                                                                                                  (4.21) 
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Therefore, two inequality constraints can be combined as: 

 

                       𝐴𝑥𝑥 ≤ 𝑏𝑥; where 𝐴𝑥 = [
𝐴𝑃𝑒
𝐴𝑃𝑔

]
8×7

;  𝑏𝑥 = [
𝑏𝑃𝑒
𝑏𝑃𝑔

]
8×1

                          (4.22) 

Then we can get: 

𝐴𝑋 ≤ 𝑏; where 𝐴 = [

𝐴𝑥
𝐴𝑥
⋯
𝐴𝑥

]

8𝑁×7𝑁

; 𝑏 = [

𝑏𝑥
𝑏𝑥
⋯
𝑏𝑥

]

8𝑁×1

                                  (4.23) 

        
(4) Bounds of variables 

  

[
 
 
 
 
 
 
𝑃𝑒𝑐𝑚𝑖𝑛
𝑃𝑒𝑑𝑚𝑖𝑛
𝑃𝑔𝑖𝑚𝑖𝑛
𝑃𝑔𝑜𝑚𝑖𝑛
𝑆𝑂𝐶𝑚𝑖𝑛
0
0 ]

 
 
 
 
 
 

≤

[
 
 
 
 
 
 
 
𝑃𝑒𝑐
𝑃𝑒𝑑
𝑃𝑔𝑖
𝑃𝑔𝑜
𝑆𝑂𝐶
𝑆𝑒
𝑆𝑔 ]

 
 
 
 
 
 
 

≤

[
 
 
 
 
 
 
𝑃𝑒𝑐𝑚𝑎𝑥
𝑃𝑒𝑑𝑚𝑎𝑥
𝑃𝑔𝑖𝑚𝑎𝑥
𝑃𝑔𝑜𝑚𝑎𝑥
𝑆𝑂𝐶𝑚𝑎𝑥

1
1 ]

 
 
 
 
 
 

⇨ 𝑙𝑏𝑥 ≤ 𝑥 ≤ 𝑢𝑏𝑥                         (4.24) 

                  ⇨              𝑙𝑏 = [

𝑙𝑏𝑥
𝑙𝑏𝑥
⋯
𝑙𝑏𝑥

]

7𝑁×1

; 𝑢𝑏 = [

𝑢𝑏𝑥
𝑢𝑏𝑥
⋯
𝑢𝑏𝑥

]

7𝑁×1

                                            (4.25)                                                        

In (4.25), 𝑙𝑏 is the lower bound of variables and 𝑢𝑏 is the upper bound of variables. 

 

Therefore, based on the analysis above, the optimized mathematical model built above can 

solve linear optimization problem with multiple variables and multiple constraints. The 

model can be summarized as: 

[𝑋, 𝑓𝑣𝑎𝑙] = intlinProg(𝑓, intcon, 𝐴, 𝑏, 𝐴𝑒𝑞 , 𝑏𝑒𝑞, 𝑙𝑏, 𝑢𝑏)                     (4.26)                       

Objective: 𝑓𝑣𝑎𝑙 = min(𝑓𝑋)             

   Inequality constraints: 𝐴𝑋 ≤ 𝑏            

        Equality constraints: 𝐴𝑒𝑞𝑋 = 𝑏𝑒𝑞             

  Variable bonds: 𝑙𝑏 ≤ 𝑋 ≤ 𝑢𝑏              
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The optimization mathematical model above can be solved based on MATLAB software. 

In every scheduling time span, the optimization variable vector can be achieved. But only 

the current optimization power scheduling command, which is in the first grid of the 

optimization data window, is sent to the battery. Then when reaching the next power 

scheduling time point, the process above is repeated. Figure 4.4 shows a flow chart of long-

term energy management strategy utilizing rolling optimization in 24 hours. 

Read PV prediction data, load prediction data 

and electricity price at time t 

Process the rolling optimization and update the 

optimization data window

Send out the optimized power command

t<t0+(N-1)ΔT

Start the optimization at time t0

End

t=t+ΔT

Yes

No

 

 

Figure 4.4 Flow chart of long-term optimal scheduling utilizing rolling optimization in 24 hours 
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4.3 Smoothing the Power Fluctuation of the Main Grid Caused by PV and Loads 

The long-term optimal scheduling for energy storage system is based on the prediction of 

PV power, loads and ToU price. Due to the intermittency of PV generation and residential 

loads, the power fluctuation of PV and residential loads in minutes level is hard to predict. 

When the power fluctuation range of PV and residential loads in minutes level is within 

5% of the exchanging power, the main power grid can adjust it by itself. The operation of 

main power grid will not be influenced. However, when the power fluctuation range of PV 

and residential loads in minutes level is above 5% of the exchanging power, it can cause 

the fluctuation of voltage and frequency in main power grid, which adversely influences 

the operation of main power grid.  

 

Therefore, a smoothing function is added in this work to smooth the power fluctuation of 

PV and residential loads in minutes level, as shown in Figure 4.5. The power fluctuation 

includes the low frequency power component and high frequency power component. The 

low frequency power component, which is in minutes level, is managed by battery while 

the high frequency power component, which is in seconds level, is managed by 

supercapacitor. As shown in Figure 4.5, the difference between the real-time PV power 

generation and power consumption of residential loads is sent into low pass filter and  

𝑃𝐸𝑆𝑆_𝑓𝑙𝑢𝑐𝑡𝑢𝑎𝑡𝑖𝑜𝑛  is obtained. Then, the 𝑃𝐸𝑆𝑆_𝑓𝑙𝑢𝑐𝑡𝑢𝑎𝑡𝑖𝑜𝑛 is added to the optimal scheduled 

power 𝑃𝐸𝑆𝑆_𝑠𝑐ℎ𝑒𝑑𝑢𝑙𝑒 and the adjusted scheduling signal called 𝑃𝐸𝑆𝑆  is generated and sent to 

the battery and supercapacitor in the energy storage system respectively. 
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LPF

(upper EMS)

Power scheduling

(Rolling optimization 

method using one hour as 

time span)
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(The model of 

PV nano-grid 

system)

PLoad

Ppv
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= ΔPHF

Feedforward control

PESS_schedule

PESS

Pbattery_ref

Psc_ref

Smoothing power fluctuation 

caused by PV and loads
 

Figure 4.5 Smoothing power fluctuation of PV and loads 

 

4.4 Simulation Studies 

In this section, the energy management strategy presented previously is evaluated by the 

nano-grid system shown in Figure 4.6. The proposed energy management strategy of EMS 

has been proven based on the simulations in MATLAB/Simpower. 

 

4.4.1 System Parameters 

The system parameters of the PV nano-grid system shown in Figure 4.6 are listed in Table 

2. The parameters of the battery are given in Table 3. Table 4 shows ToU electricity price 

in Ottawa [55]. Table 5 shows the price of selling electricity from PV nano-grid system to 

main power grid. PV data is obtained from National Renewable Energy Laboratory 

(NREL) [56]. Residential loads data is historically gathered from 12 houses located in 

Ottawa, Canada [54]. 
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DC/AC 

inverter

PV module

Energy 

storage 

system
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Figure 4.6 Overall system structure 

 

Table 2 PV Nano-Grid System Operation Parameters 

Unit name Parameters Value 

Tie-line 𝑃𝐺𝑟𝑖𝑑𝑚𝑎𝑥 

𝑃𝐺𝑟𝑖𝑑𝑚𝑖𝑛 

15kW 

0kW 

Battery 𝑃𝐸𝑆𝑆𝑚𝑎𝑥 

𝑃𝐸𝑆𝑆𝑚𝑖𝑛 

3kW 

0kW 

 

In Table 2, for the tie-line power, 𝑃𝐺𝑟𝑖𝑑𝑚𝑎𝑥  shows the maximum exchanging power 

between PV nano-grid and main power grid. 𝑃𝐺𝑟𝑖𝑑𝑚𝑖𝑛 shows the minimum exchange of 

power between PV nano-grid and main power grid. For the battery, 𝑃𝐸𝑆𝑆𝑚𝑎𝑥 shows the 

maximum battery charging/discharging power. 𝑃𝐸𝑆𝑆𝑚𝑖𝑛  shows the minimum battery 

charging/discharging power. 

 

Table 3 Battery Parameters 

Parameters name Parameters Value 

SOC 𝑆𝑂𝐶𝑚𝑖𝑛 

𝑆𝑂𝐶𝑚𝑎𝑥 

0.1 

0.9 

Battery operational cost 𝑘𝑐 

𝑘𝑑 

0.01$/kWh 

0.01$/kWh 

Battery charging and 

discharging efficiency 

𝜂𝑐 

𝜂𝑑 

0.98 

0.98 

Battery capacity 𝐶𝑎𝑝 10.2kWh 
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In Table3, for SOC, 𝑆𝑂𝐶𝑚𝑎𝑥 is the maximum battery SOC value. 𝑆𝑂𝐶𝑚𝑖𝑛 is the minimum 

battery SOC value. For the battery operational cost, 𝑘𝑐 is battery charging price per kWh. 

𝑘𝑑  is the battery discharging price per kWh. For the battery charging and discharging 

efficiency, 𝜂𝑐 and 𝜂𝑑 are the battery charging efficiency and battery discharging efficiency 

respectively. 𝐶𝑎𝑝 is the battery capacity.  

 

Table 4 ToU Electricity Pricing for Winter Period (November 1 to April 30) Weekdays  

Time period  Electricity price Time division 

Off-peak 

 

𝑘𝑖 = 0.065$/kWh 7pm~7am 

Mid-peak 

 

𝑘𝑖 = 0.095$/kWh 11am~5pm 

On-peak 

 

𝑘𝑖 = 0.132$/kWh 7am~11am 

5pm~7pm 

 

In Table 4, 𝑘𝑖 is the buying electricity price per kWh from main power grid at different 

time division. 

 

Table 5 Electricity Price of Selling Electricity to Main Power Grid 

Time period  Electricity price Time division 

Off-peak 

 

𝑘𝑜 = 0.065×0.5$/kWh 7pm~7am 

Mid-peak 

 

𝑘𝑜 = 0.095×0.5$/kWh 11am~5pm 

On-peak 

 

𝑘𝑜 = 0.132×0.5$/kWh 7am~11am 

5pm~7pm 

 

In Table 5, 𝑘𝑜 is the selling electricity price per kWh to main power grid at different time 

division. 
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For the simulation results from Figure 4.7 to Figure 4.10, PV power output data is the 

measured historical data obtained from NREL, which is shown as green curve. Loads 

power consumption data is the measured historical data gathered from 12 houses located 

in Ottawa, Canada, which is shown as dark blue line. Dotted dark blue line shows load 

prediction value, which is the produced data. Battery charging/discharging power is shown 

as black curve, which is the produced data. The exchange of power between PV nano-grid 

and main power grid is shown as red curve, which is the produced data. The low frequency 

power component caused by PV and loads is shown as light blue curve, which is the 

produced data.   

 

4.4.2     Comparison of Simulation Results by Using Load Historical Data and Load 

Prediction Data 

The EMS simulation results applied with load prediction data generated by the method 

introduced in this Chapter and load historical data are shown in Figure 4.7. By comparing 

Figure 4.7(a) and Figure 4.7(b), the long-term optimal power scheduling applied with load 

prediction data is not reasonable due to the inaccurate load prediction data, which can be 

seen from battery charging/discharging curve. In Figure 4.7(a), at 17:00~18:00, the 

scheduled battery discharging power is not reasonable by using load prediction data as the 

battery discharges power to main power grid instead of storing to satisfy the high demand 

of residential loads at evening. Consequently, the battery would not be able to discharge 

enough power to satisfy the high demand of loads and power thus needs to be bought from 

main power grid to ensure the demand of loads at evening. In fact, the power consumption 

at 17:00~18:00 is very small and there is no need for the battery to discharge a lot of power. 
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In Figure 4.7(b), the scheduled battery discharging power is reasonable by using load 

historical data. Battery discharges little power at 17:00~18:00 and store more power to 

satisfy the high demand of loads at evening. In summary, the inaccurate load prediction 

data leads to unreasonable long-term optimal power scheduling. Consequently, there will 

be less operational benefit of PV nano-grid system and more fluctuation of the exchanging 

power. Therefore, in the latter simulation studies, load historical data are used instead of 

load prediction data. In the future, more accurate prediction methods are to be investigated. 

 

 

Figure 4.7(a) Simulation using load prediction data 
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Figure 4.7(b) Simulation using load historical data 

Figure 4.7 Simulation comparison between using load prediction data and load historical data 

 

4.4.3 Simulation Results and Analysis 

1)  Analysis of the Smoothing Function in terms of PV Power and Load Intermittent 

Fluctuation  

As we discussed previously, the long-term optimal scheduling algorithm can schedule the 

charging/discharging of the battery in energy storage module every one hour by using the 

rolling optimization method. Furthermore, the smoothing function is added to smooth the 

effect of the power fluctuation of PV and residential loads on the power exchanging 

between the PV nano-grid system and main power grid. PV and load data on a typical cloud 

moving day is used to verify the effectiveness of the smoothing function designed in this 

thesis. Figure 4.8(a) shows the result of the long-term optimal power scheduling without 

the smoothing function, while Figure 4.8(b) shows the results of the long-term optimal 

power scheduling with the smoothing function. It can be seen from the figures the PV 
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power is intermittent and fluctuating due to this cloud moving. Power consumption of 

residential loads has two on-peaks. First on-peak is around 7:00~8:00 and second on-peak 

is around 17:00~21:00.  

 

As shown in Figure 4.8(a), the exchanging power between PV nano-grid system and main 

power grid is severely fluctuated resulting from the power fluctuation of PV and residential 

loads. On the other hand, as shown in Figure 4.8(b), it is observed that the exchange of 

power between PV nano-grid system and main power grid is smoothed when the smoothing 

function is added. The battery is used to smooth the power fluctuation of PV and residential 

loads by constantly charging/discharging. The battery does not only take action by 

following the optimal power command but also smooth the power fluctuation in PV nano-

grid system. By comparing the two SOC curves in Figure 4.8(a) and Figure 4.8(b), the 

battery charges/discharges more frequently when the smoothing function is added, to 

smooth the effect caused by the power fluctuation in PV nano-grid system.  

 

Energy storage module in the model of PV nano-grid system executes frequency division 

for the power command from upper EMS. Supercapacitor plays the role of managing the 

power fluctuation in the seconds level. Battery is managing the power fluctuation in 

minutes level. As a result, the battery can avoid frequently charging/discharging. 
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Figure 4.8(a) long-term optimal power scheduling 

 

 

Figure 4.8(b) Combination of long-term optimal power scheduling with the smoothing function 

Figure 4.8 Performance comparison 

 

2) Analysis of Different Seasons  

Figure 4.9 shows the results of EMS in different seasons, based on historical load data and 
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PV power output. 

 

Figure 4.9(a) Spring 

 

 

Figure 4.9(b) Summer 
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Figure 4.9(c) Autumn 

 

 

Figure 4.9(d) Winter 

Figure 4.9 EMS simulation results of different seasons 

 

As shown in Figure 4.9, the maximum power output of PV in spring and summer is above 

6kW while the maximum power output in autumn and winter is around 4kW. For 
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residential loads, there are two on-peaks. The first on-peak is in the morning, around 

6:00~8:00. The second on-peak is in the evening, around 17:00~21:00. Off-peak is at 

midnight, which is 22:00~6:00. There is almost no electricity usage demand at this off-

peak time.   

 

It can be noted from the battery charging/discharging and SOC curves shown in Figure 4.9, 

the battery is always charging when the PV power generation is high and electricity 

demand is low, around 8:00~17:00. SOC keeps increasing. However, when PV power 

output fluctuates due to weather conditions, the battery alternately charges/discharges to 

smooth the power fluctuation on the exchanging power between the nano-grid and the main 

grid. Battery is discharging when there are insufficient PV power generation and high 

electricity usage demand, around 6:00~8:00 and 17:00~21:00. SOC keeps decreasing. This 

achieves the peak load shifting for main power grid.  

 

When the demand of residential loads is high, battery can discharge power to satisfy the 

power demand of residential loads. However, only battery discharging is not enough to 

satisfy the power demand of residential loads. Thus, power need to be bought from main 

power grid. When electricity usage demand decreases, the battery discharging can satisfy 

the power demand of residential loads. If there is still surplus, the power is sold to main 

power grid as it can be seen in Figure 4.9(b) around 19:00 in summer. Therefore, economic 

benefit can be made by satisfying the power demand of residential loads.  

 

In terms of economic benefits, PV power output is relatively sufficient around 9:00~16:00 
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and power demand of residential loads can be satisfied. Correspondingly, the battery 

charges to store power and sell back to main power grid. In two on-peaks of electricity 

usage demand, which are 6:00~8:00 and 17:00~21:00pm, PV power output is insufficient 

and the battery discharging is not enough to satisfy the power demand of residential loads. 

Therefore, power needs to be bought from main power grid. As shown in Figure 4.9(d), 

PV power generation is not very large but electricity usage demand is relatively high in 

winter. Consequently, it can be indicated that the operational cost of PV nano-grid system 

in winter is the largest among four seasons, which is 0.83673$ in a day. As it is seen in 

Figure 4.9(a), PV power generation is large and electricity usage demand is relatively low 

when it is in spring. It can be observed that the operational cost of PV nano-grid system in 

spring is the smallest among four seasons, which is -1.8528$ in a day. In another word, the 

nano-grid achieves economic benefit in spring.  

 

Due to the utilization of rolling optimization method, PV and load data in the second day 

can influence the optimization results of the first day. For example, as shown in Figure 

4.9(d), the battery is charging ahead at 23:00~24:00 which is low electricity price period. 

It shows that the rolling optimization method predicts the high electricity usage demand in 

the second day and then the battery can charge ahead in midnight in order to satisfy the 

power demand of residential loads in the second day.    

 

3) Analysis of Different Weathers 

In order to analyze the EMS results in different weathers, four typical different weather 

conditions in summer are simulated. Figure 4.10 shows the EMS simulation results in days 
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of four typical weathers in summer. Figure 4.10(a)~(d) shows respectively, a sunny day, a 

cloud moving day, a sunny to cloudy day and a rainy to cloudy day. 

 

 

Figure 4.10(a) Sunny day 

 

 

Figure 4.10(b) Cloud moving day 
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Figure 4.10(c) Sunny to Cloudy day 

 

 

Figure 4.10(d) Rainy to Cloudy day 

Figure 4.10 EMS simulation results of four typical weathers 

 

According to Figure 4.10, the level of PV fluctuation and intermittency is different in 

different weather conditions. This can influence the frequency of battery 
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charging/discharging and the smoothing level of the exchanging power. For example, as 

shown in Figure 4.10(b), PV power fluctuation in cloud moving day is more dramatical 

compared with other three weather conditions. Therefore, battery charging/discharging is 

more frequent, which can smooth the power fluctuation of exchanging power in minutes 

level. For Figure 4.10(c), the power fluctuation of PV is mild before 12:00 due to the sunny 

weather and battery charging/discharging is thus not frequent. Power fluctuation of 

exchanging power in minutes level is not very intensive before applying smoothing 

function. However, the power fluctuation of PV is becoming dramatical after 12:00 due to 

cloudy weather condition. Battery discharges/charges more frequently than the case in 

sunny weather after 12:00 shown in Figure 4.10(c).   

 

As shown in Figure 4.10(d), due to the rainy weather before 12:00, there is almost no PV 

power output. The battery charging/discharging power is very small and the exchanging 

power is also very small. When the weather changes from rainy to cloudy condition, PV 

power output increases. Consequently, the battery begins to charge and power is sold to 

main power grid for achieving economic benefit.  

 

In terms of economic benefit, it is observed from Figure 4.10(a) that the most economic 

benefit has been achieved at sunny weather compared with other three weathers due to the 

sufficient and steady PV power generation. The corresponding operational cost of PV 

nano-grid system is -0.75207$. As it is shown in Figure 4.10(d), the least economic benefit 

has been made at rainy to cloudy weather among all four weathers due to the least PV 

power output. The corresponding operational cost of PV nano-grid system is 1.5941$. 
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4.5 Summary 

This chapter describes the long-term optimal scheduling algorithm for the energy storage 

system in the PV grid-connected household nano-grid system. For the load prediction, the 

double exponential smoothing method is used. The rolling optimization method is applied 

for optimally scheduling the charging/discharging action of the battery in the energy 

storage system. As the intermittency of PV power output and residential loads, the power 

fluctuation of the main grid is consequently caused when the PV nano-grid is connected 

with the grid. A power fluctuation smoothing function is also introduced in this chapter. 

Simulations prove the proposed methodology based on MATLAB/Simpower.  
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5    Chapter: Conclusions and Future Work 

5.1 Conclusions 

In this thesis, the scheduling scheme is designed to optimally discharge/charge the energy 

storage system in a PV grid-connected household nano-grid system. For achieving this 

objective, the following tasks have been accomplished in the research. 

 

1) The model of PV grid-connected household nano-grid system has been modeled, 

including PV module, the DC/DC boost converter, battery, supercapacitor and the 

bi-directional DC/DC busk/boost converters, DC/AC inverter and related 

controllers.  

 

2) The long-term optimal scheduling algorithm is designed, which can realize the 

optimal power scheduling in 24 hours with the utilization of rolling optimization 

method. A Smoothing function can relieve the power fluctuation of exchanging 

power between the PV nano-grid and the main grid in minutes level. A load 

prediction method based on double exponential smoothing method is used. 

Simulation results of the PV grid-connected household nano-grid under different 

conditions verify the proposed energy management strategy that can realize the 

operation with the minimum operational cost and smooth the power fluctuation of 

the exchanging power between PV grid-connected household nano-grid system and 

main power grid.  

 

3) Simulation results that the smallest operational cost of the PV nano-grid is achieved 
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in spring, while the largest operation cost is achieved in winter. In the end, the PV 

nano-grid under four different typical weather conditions in summer are 

investigated including sunny, cloud moving, sunny to cloudy, and rainy to cloudy. 

The results show that the smallest operation cost of the nano-grid is made in the 

sunny day, while the largest operational cost is made under a rainy to cloudy 

weather condition. 

 

The proposed EMS energy management strategy focuses on PV grid-connected household 

nano-grid system which is single phase grid connection with main power grid in this thesis. 

For the contribution of the proposed energy management strategy in this thesis, the long-

term optimal scheduling achieves the economic operation for PV nano-grid system by 

optimal battery charging/discharging based on the simulation results of different seasons 

and different weathers in Figure 4.9 and Figure 4.10. From the simulation result in Figure 

4.9 and Figure 4.10, peak load shifting can be successfully achieved so that economic 

benefit can be made on condition that the power demand of loads is satisfied. Electricity 

usage of main power grid can be relieved. The simulation results of four different seasons 

and four different weather conditions in Figure 4.9 and Figure 4.10 show the rationality of 

the proposed energy management strategy. The feasibility of the proposed energy 

management strategy can be proven. Furthermore, the proposed smoothing function can 

smooth the power fluctuation on the exchange of power between PV nano-grid and main 

power grid to maintain the reliable operation of main power grid based on the simulation 

comparison in Figure 4.8. From Figure 4.8(b), it can be observed that the exchange of 

power has been smoothed. Therefore, the economic operation for PV nano-grid and the 
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smoothing of the exchanging power between PV nano-grid and main power grid can be 

achieved at the same time by implementing the proposed energy management strategies in 

this thesis. 

 

5.2 Future Work 

In the future research, the following problems need to be considered: 

 

1) The long-term optimal scheduling is based on the PV and residential loads 

historical data to realize the rolling optimization method in this thesis. To predict 

PV power, it is necessary to build PV power output probability model and 

prediction model which are both required for an accurate prediction. To predict the 

load, the double exponential smoothing method cannot satisfy the high accuracy 

requirement of predicting residential loads. More accurate load prediction methods 

should be explored.  

 

2) For the smoothing function, the low pass filter using in closed loop control can be 

replaced with the MPC. The MPC can realize the real-time modification for the 

predicted model. The power fluctuation of PV and residential loads in minutes level 

can be smoothed. Main power grid will not be influenced by the dramatic 

fluctuating exchanging power between PV nano-grid system and main power grid. 

However, with the utilization of low pass filter, time delay will be caused. MPC 

can effectively solve this problem. 

 



 121 

3) The EMS in the PV nano-grid system is only focused on grid-connected operation 

mode in this thesis. Off-grid operation mode and the smoothing transition between 

grid-connected and off-grid operation mode are not considered, which needs to be 

investigated in the future.  
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