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Abstract 
 

Microgrid is a novel power grid that combines various distributed generation, energy storage systems, and loads. It 
complements the distribution network to realize energy saving and emission reduction. To optimize the power of the 
microgrid that is connected to the distribution network and maximize the utilization rate of renewable energy, this study 
proposed a design method, a work mode, and a control strategy for photovoltaic (PV) and energy storage microgrid. A 
PV and energy storage microgrid structure was designed on the basis of the organic whole of a grid-connected microgrid 
and distribution network. According to the maximum and minimum load operations of the system, a mathematical model 
for determining micro-power capacity was established. Moreover, a mathematical model of coordinated control of 
microgrid system was established by controlling the active and reactive microgrid power separately. The membership 
function of control variables was proposed, and the fuzzy set of control variables and the fuzzy control decision table 
were established to determine the working mode of active micro-source. Taking the actual typical daily load 
characteristic curves in summer and winter as examples, the effectiveness and superiority of the proposed optimization 
design method for microgrid were verified. Results demonstrate that the work mode and control strategy of the microgrid 
system cannot only smoothen the active power at the head end of 0.4 kV distribution line but also optimize the reactive 
power of the system. The power factor of 0.4 kV distribution line meets the requirements. The study can be used as 
reference for designing a microgrid that is connected to the distribution network. 
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1. Introduction 
 
To integrate the advantages of distributed generation (DG) 
and weaken its negative influence on power grid, Lasseter et 
al. proposed the concept of microgrid [1]. Microgrid 
provides an effective technical approach for the grid 
connection of renewable energy with high permeability by 
combining renewable energy power supply system, 
controllable power supply, energy storage system (ESS), and 
load organically [2][3]. ESS is an important part of 
microgrid because it can stabilize the fluctuation of 
intermittent power supplies, such as wind power generation 
and photovoltaic (PV) power generation, and has the 
function of voltage regulation and peak clipping [4][5]. The 
safe and economical operation and stable system regulation 
of microgrid can improve energy utilization rate and save 
power generation cost. Meanwhile, it provides important 
support for the safe operation of the power grid [6]. 

As an organic whole, grid-connected microgrid and 
distribution network realize energy exchange through the 
point of common coupling (PCC). Based on microgrid, the 
distribution network can freely cope with different operating 
conditions and manage energy exchange between microgrid 
and distribution network efficiently to realize the maximum 
utilization of DG [7]. As an organic integration of DGs and 

loads, an independent microgrid can realize more reasonable, 
economical, and effective energy supply in remote areas [8]. 
The optimal allocation of microgrid capacity directly 
influences key technical indicators, such as the cascade 
comprehensive utilization efficiency of energy, power 
supply reliability, and power quality. Therefore, it is the 
primary problem to be solved in the microgrid planning and 
design stages. 

Microgrid optimization design has become an important 
microgrid key technology. Scholars have carried out 
numerous studies and presented a series of operation control 
strategies and optimization planning methods [9][10][11]. 
However, the design of the PV and energy storage microgrid 
with fuzzy control based on mathematical model is scare. 
Therefore, based on the work mode of active micro source, 
fuzzy control decision making by establishing mathematical 
model is an important study direction. 

This study establishes a microgrid to study the method 
for determining microgrid capacity to realize system power 
optimization based on the organic whole of grid-connected 
microgrid and distribution network, considering the change 
in the load of the distribution network. The work mode and 
control strategy of the microgrid are also investigated. This 
study can provide reference for the optimization design of a 
microgrid that is connected to the distribution network. 
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2. State of the Art 
 

At present, scholars have carried out many studies on 
microgrids that are connected to distribution networks. Liu 
[11] established a two-layer optimization planning and 
design model suitable for grid-connected microgrid system 
and independent microgrid system. Although the scheduling 
optimization among micro sources was realized, the 
influence of energy storage module on the scheduling 
optimization of microgrids was not considered. Dou [12] 
developed a method for optimizing the capacity allocation of 
grid-connected wind and solar storage microgrid and 
established an optimization model for the capacity allocation 
of wind, PV, and energy storage. An improved genetic 
algorithm was used for optimization calculation. However, 
the study failed to improve the economic efficiency and 
environmental protection of the system planning scheme by 
using demand response. Lu [13] used adaptive grid multi-
objective particle swarm optimization algorithm to analyze 
the multi-objective optimization design of wind-PV hybrid 
system with hybrid energy storage. The load demand was 
considered; however, the importance of the transmission 
channel was neglected. Mansour-Lakouraj [14] proposed a 
new two-stage risk constraint stochastic framework, which 
can realize the optimal scheduling of microgrids in normal 
and emergency situations but does not consider power 
optimization. Elmouatamid [15] proposed a model to predict 
the power generation and consumption of microgrid system 
and the state of charge (SOC) of battery. The model is 
controlled by predictive and real-time values to balance the 
demand/response but does not consider the efficient 
utilization of energy. Nassourou [16] proposed an economic 
prediction model that considers PV, wind power, water 
power, and energy storage equipment, which can carry out 
energy scheduling effectively but neglects the 
comprehensive utilization of distributed energy. Ko [17] 
proposed a novel power quality control scheme for 
microgrid based on voltage and frequency without 
considering the effective utilization of DG. Sachs [18] 
established a multi-objective optimal allocation model from 
the perspectives of economical efficiency and environmental 
protection, thereby realizing the optimal capacity allocation 
of each component in the microgrid and the layout planning 
of power electronic equipment. However, the optimization 
of power was neglected. According to Omran [19], in 
normal power fluctuation range, the PV load shedding 
operation is more economical than adding energy storage 
equipment. However, obtaining the maximum power point 
(MPP) is difficult. Pappu [20] established a general model of 
two-stage PV grid-connected system with frequency 
response capability that was suitable for the study of power 
system. The output reference voltage was set according to 
the open circuit voltage, and the PV works on the left side of 
the voltage that corresponds to MPP to realize load shedding 
control. Nanou [21] used the quadratic function to estimate 
the maximum power and set the PV output power to k(k<1) 
times of the maximum power to realize load shedding 
control. Wu [22] solved the economical scheduling of 
microgrid based on the mixed integer programming method. 
Although the active power balance and control in microgrid 
were considered, the reactive power control was ignored. 
Guo [23] established an energy optimization model suitable 
for independent microgrid by considering the operating 
characteristics of diesel generator set and DSM load 
comprehensively; however, the power optimization problem 
was not considered. Ding [24] and Saif [25] introduced the 

capacity optimization allocation for independent microgrid 
but neglected power optimization. 

The aforementioned studies focus on optimizing the 
economical efficiency, reliability, and power capacity of 
power grid. However, the design of PV and energy storage 
microgrid aiming at optimizing the power of distribution 
network and maximizing renewable energy is scarce. Based 
on the grid-connected microgrid and distribution network as 
a whole, this study designed a PV and energy storage grid-
connected distribution network structure. According to the 
load operation situation, mathematical models that determine 
the capacity and coordination control of microgrid systems 
were established. For the operating mode of active micro-
sources, the membership function of control variables and 
fuzzy control strategy were proposed. Taking the actual 
typical daily load characteristic curves in summer and winter 
as examples, the effectiveness and superiority of the 
proposed optimization design method for microgrid were 
verified. 

The remainder of this study is organized as follows. 
Section 3 establishes the mathematical model of 
determination capacity and coordination control of micro-
power and proposes the membership functions of control 
variables and fuzzy control strategies for the operating mode 
of active micro-source. Section 4 verifies the effectiveness 
and superiority of the proposed micro-grid optimization 
design method based on an example. Finally, Section 5 
summarizes this study and draws the conclusions. 
 
 
3. Methodology  

 
3.1 Analysis of characteristics of microgrid networking 
and micro power supply 

 
3.1.1 Microgrid structure 
The full utilization of resources is an important part of the 
design principle of a microgrid structure; moreover, the 
maximization of resource utilization and the 
complementarity of energy should be considered in the 
design and planning of microgrid structure [26]. Therefore, 
considering the characteristics of local load and energy, this 
study used PV cells, energy storage cells, and static var 
generator (SVG) to design a microgrid (Fig. 1). The power 
factors of PV and energy storage cells are set to 1 [27]. PV 
and energy storage cells are active micro-source, whereas 
SVG is a reactive micro-source. In the microgrid system, 
each DG is regulated by power electronic devices, connected 
to the microgrid AC bus, and then connected to the 
distribution network with the static switches and 
transformers at the PCC. 
 
3.1.2 Characteristics of PV power generation system 
According to [28], a simulation system was established on 
the basis of a MATLAB simulation platform. The P-V 
characteristic curves of the PV cells under different 
illumination intensities ( =25 ℃ is unchanged) are shown 
in Fig. 2, and the P-V characteristic curves of the PV cells at 
different temperatures ( =1 000  is unchanged) are 
presented in Fig. 3. 

The characteristic curves in Figs. 2 and 3 show that PV 
cells have obvious nonlinear volt-ampere characteristics. PV 
cell is neither a constant current source nor a constant 
voltage source. As a nonlinear DC power supply, it cannot 
provide large power for load. In Fig. 2, short-circuit current 
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 increases obviously with the illumination intensity; 
however, the open-circuit voltage does not increase 
obviously. Meanwhile, the output power  first increases 
and then decreases and then obtains a MPP. As the 
illumination intensity increases, the maximum output power 
increases in proportion. As shown in Fig. 3, with the 
increase in temperature, the short-circuit current  
increases slightly, but the open-circuit voltage decreases. 
Similarly, the output power  first increases and then 
decreases, and there is a MPP. The temperature rises, but the 
maximum output power does not change obviously. 
 

 
Fig. 1. Structural diagram of microgrid composed of PV and energy 
storage battery 
 

 
Fig. 2. P-V characteristic curve of PV battery under different 
illumination intensities 
 

 
Fig. 3. P-V characteristic curve of PV battery under different 
temperatures 

3.1.3 Characteristics of battery ESS 
ESS is an important part of the microgrid system. The power 
distribution in the microgrid can be adjusted through the 
rapid charging and discharging of electric energy, and the 
power fluctuation of intermittent micro power supply can be 
suppressed. In this way, the power quality at the user end is 
enhanced, the ability of the microgrid to cope with large grid 
emergencies is strengthened, and the stability of the 
microgrid operation is improved. Therefore, studying the 
application of ESS in microgrid is necessary. If the total 
battery capacity is , then the state of charge (SOC) is 
expressed as follows: 
 

                            (1) 

 
where  is the remaining charge in the battery. 

 is the internal current of the battery, which is 
positive when charging.  is determined by the voltage 
and load at both ends of the battery. When the total charge of 
battery is constant,  varies with the current. In practice, 
the  of the battery at t, which is calculated according to 
Formula (2). 

 
                      (2) 

 
where  is the initial value of  of the battery. 

According to Formula (2), when the total charge of 
battery and  are constant,  shows a linear change 
relationship with the charging–discharging current. When 
the battery is charged, the battery  increases. When the 
battery is discharged, the battery  decreases. As the 
absolute value of the charging–discharging current increases 
the battery  increases, and vice versa. 
 
3.2 Mathematical model for determining the capacity of 
micro power supply 
The diagram of a microgrid that is connected to the power 
grid shown is presented in Fig. 4. According to the 
maximum and minimum load operation conditions of the 
system, the mathematical model for determining the capacity 
of the micro power supply is established to optimize the 
power of the system. 

The maximum active and reactive power of 0.4kV 
distribution line load in Fig. 4 are  and . The 
minimum active power of the load is . The active power 
at the head end of 0.4kV distribution line is , and the 
reactive power is . The maximum power of the PV cell is 

. The maximum power of the storage battery is . 
The reactive power compensation is . The maximum 
and minimum active power of microgrid load are  and 

 respectively. The maximum reactive power of the 
microgrid load is . 

When the 0.4 kV distribution line operates at the 
maximum load, the microgrid is taken as the power source 
connected to the distribution network. The power balance 
equation of the microgrid system shown in Fig. 4 is 
expressed as: 
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              (3) 
 

                            (4) 
 
where  and  are the utilization  rates of the PV 
cell and the storage battery at the maximum load, 
respectively;  and ; and  
and  are the active and reactive load coefficients at 
maximum load, and  and  are in the range of 0 to 
1. 
 

 
Fig. 4.  Schematic diagram of microgrid access to the power grid 
 

When the 0.4 kV distribution line operates at the 
minimum load, the microgrid becomes the active load 
connected to the distribution network. The power balance 
equation of the system in Fig. 4 is expressed as:  
 

         (5) 
 
where  and  are the utilization rates of PV cells 
and batteries at the minimum load, respectively; 

 and ;  is the active load 
factor at the minimum load; and  is in the range of 0 to 
1. 
 
3.3 Design of microgrid work mode and control strategy 
 
3.3.1 Mathematical model for coordination control of 
microgrid system 
In the microgrid, the active and reactive powers are 
controlled separately to ensure the balance between the 
active and reactive power. The active power at the head end 
of the 0.4 kV distribution line is smoothed, and the reactive 
power of the system is optimized. The power factor of 0.4 
kV distribution line meets the requirements. Based on the 
maximum utilization rate of the output power of the PV 
cells, the mathematical model for the coordination control of 
the microgrid system is expressed as follows: 
 

               (6) 

 
where  and  are the upper and lower limits of 
the state of charge at time t  of the ESS, which are 
80% and 20% respectively; and  is the power factor of 
the first section of the line. 
 

3.3.2 Work modes and fuzzy control strategy of active 
micro source 
(1) Work modes of active micro source 

The work modes of active micro sources of the 
microgrid in different periods of time are shown in Table 1, 
which are represented by the corresponding symbols. 

 
Table 1. Work modes of active micro power source 
Work mode Microsource operation state Name Symbol 

Mode 1 M1 PV cell generates electricity, and the 
battery is charged. 

Mode 2 M2 PV cell generates electricity, and the 
battery is discharged 

Mode 3 M3 PV cell does not generate electricity, and 
the battery is charged 

Mode 4 M4 PV cells do not generate electricity, and the 
battery is discharged 

 
(2) Fuzzy control strategy of active micro source 
1) Determination of membership function 
The membership function λ of active load  is as 

follows: 
 

                    (7) 
 
The membership function  of output active power of 

PV cell is as below: 
 

                                   (8) 
 
In this study, the triangular membership function is used 

to divide λ into four fuzzy sets: zero (ZO), positive small 
(PS), positive median (PM) and positive big (PB), as shown 
in Fig.5 (a). β and  of energy storage battery are divided 
into five fuzzy sets: zero (ZO), relative small (RS), positive 
small (PS), positive median (PM), and positive big (PB), as 
shown in Fig. (b) and (c). 

 
(a) Membership function λ of active load 

 

 
(b) Membership function of energy storage battery SOC 

 
(c) Membership function β of PV cell 

Fig. 5. Membership function 
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2) Determination of fuzzy control decision 
The control variable of fuzzy control decision is λ, β, and 

 (Table 2). The fuzzy control strategy and the work 
mode of active micro source are determined according to 
Fig. 5. 

 
Table 2. Fuzzy control strategy 
Operation  

mode 
Control variable 

Load λ PVβ SOC 

M1 

—— PB ZO or RS or PS  
or PM 

PB PM ZO or RS or PS 

PM PM ZO or RS or PS 
or PM (non-PB) 

PS PM or PB ZO or RS or PS 
or PM (non-PB) 

ZO RS or PS or PM  
or PB(non-ZO) 

ZO or RS or PS 
or PM (non-PB) 

M2 

PS or PM RS PM or PB 
PM PS PB 

PB RS or PS RS or PS or PM 
or PB 

M3 ZO or PS ZO ZO or RS or PS 
or PM 

M4 
PM ZO PS or PM or PB 

PB ZO RS or PS or PM 
or PB 

 
4 Result Analysis and Discussion 
 
4.1 Analysis of typical daily load 
The typical daily load characteristic curves of the 0.4 kV 
distribution line in summer and winter are presented in Fig. 
6. The active power  at the head end of the line is shown 
in Fig. 6 (a), and the reactive power  at the head end of 
the line is presented in Fig. 6 (b). Typical daily load 
characteristic curves of the microgrid in summer and winter 
are shown in Fig. 7. 

 

 
(a) Active load characteristic curve 

 
(b) Reactive load characteristic curve 

Fig. 6. Load characteristic curve of 0.4 kV distribution line 
 

 
(a) Active load characteristic curve 

 
(b) Reactive load characteristic curve 

Fig. 7. Power characteristic curve of microgrid load 
 

The minimum active load  and maximum active load 
 of 0.4 kV distribution line in Fig. 6 are 5 kW and 20 

kW, respectively. The maximum value  of reactive 
power  is 50 kvar. The minimum load  of the 
microgrid is 50 W, the maximum load power  is 1 kW, 
and the reactive power  is 0.1 kvar. 
 
4.2 Determination of capacity of micro power supply 
In this study,  is 0.6,  is 0,  is 0.2, 

 is 0.8,  is 0.3,  is 0.45, and  is 
0.45. 

According to Formulas (3) to (5), the maximum power 
 of the PV cell is 10 kW, and the maximum power 

 of the battery is 20 A•h. The reactive power 
compensation  is 22.6 kvar. 
 
4.3 Implementation of microgrid control strategy 
The actual typical solar PV power characteristic curves in 
summer and winter are shown in Fig. 8. According to Figs. 6 
and 7, after the microgrid is connected to the 0.4kV 
distribution line, the work modes in different periods are 
shown in Table 3.  

 
(a) Power characteristic curve of PV power generation in summer 
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(b) Power characteristic curve of PV power generation in winter 

Fig. 8. Power characteristic curve of the PV power generation 
 
Table 3.  Work mode at different times 

Time Summer Winter Time Summer Winter 
1 M3 M3 13 M1 M1 
2 M3 M3 14 M1 M1 
3 M3 M3 15 M1 M1 
4 M3 M3 16 M1 M2 
5 M3 M3 17 M2 M2 
6 M3 M4 18 M2 M4 
7 M2 M4 19 M2 M4 
8 M2 M4 20 M4 M4 
9 M2 M2 21 M4 M4 

10 M2 M2 22 M4 M4 
11 M1 M1 23 M4 M3 
12 M1 M1 24 M3 M3 

 
The actual power characteristic curves of the battery in 

summer and winter are shown in Fig. 9 (the discharge power 
of the battery is positive, and the charging power is 
negative). The active power characteristics of the 0.4 kV 
power grid before and after grid connection in summer and 
winter are shown in Fig. 10. The power factors of the 0.4 kV 
power grid before and after grid connection in summer and 
winter are compared in Figure 11. 

According to Figs. 10 and 11, after the microgrid is 
connected to the 0.4 kV distribution line, the active power at 
the head end of the distribution line is smoothed, and the 
power factor at the head end of the distribution line is 
controlled between 0.97 and 1.0. 

 

 
(a) Characteristic curve of battery power in summer 

 
(b) Characteristic curve of battery power in winter 

Fig. 9. Characteristic curve of the battery power 

 

 
 (a) Comparison of the active power characteristics before and after grid 

connection in summer 

 
 (b) Comparison of active power characteristics before and after grid 

connection in winter 
Fig. 10. Comparison of active power characteristics before and after 
grid-connection 

 
(a) Comparison of power factors before and after grid connection in 

summer 

 
(b) Comparison of power factors before and after grid connection in 

winter 
Fig.11. Comparison of power factor before and after grid-connection 
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5. Conclusions 
 
To optimize the power of grid-connected microgrid and 
maximize the utilization rate of renewable energy, this study 
controlled the active and reactive power of microgrid 
separately based on the organic whole of grid-connected 
microgrid and distribution network. By establishing 
mathematical model and membership function, the design 
method, work mode, and control strategy of PV and energy 
storage microgrid were investigated. The following 
conclusions could be drawn: 

1) Considering the maximization of resource utilization 
and the complementarity of energy, this study designed a 
grid-connected PV and energy storage microgrid system. 
The active micro source is PV cell and energy storage cell, 
and the reactive micro source is SVG. 

2) Aiming at the grid-connected PV and energy storage 
microgrid system, this study analyzed the characteristics of 
PV power generation system and battery ESS from the 
perspective of power optimization. Considering the load 
operation of the system, a method that determines the 
capacity of micro source was proposed, expecting to 
optimize the system power.  

3) The mathematical model for coordination control of 
microgrid system was proposed, and the work mode of 
active micro source was given. The work mode of active 
micro-source in microgrid was determined according to 
fuzzy control strategy. The reactive micro-source outputs 
reactive power in each period according to the reactive 

power optimization. Based on the balance of active power 
and reactive power in microgrid, the active power at the 
head end of the 0.4 kV distribution line is smoothed, and the 
power factor of the 0.4 kV distribution line is between 0.97 
and 1. 

In the microgrid design, this study combined the 
optimization of power and the maximization of utilization 
rate of renewable energy. The work mode and control 
strategy of microgrid were explored by establishing the 
mathematical model for determining microgrid capacity and 
coordination control, which has certain reference 
significance for microgrid design. Wind energy was not 
considered in the study of structural design of microgrid. In 
the future study, wind power generation will be introduced 
into microgrid, and the work mode and control strategy will 
be adjusted further to realize wide application of microgrid. 
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