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Abstract: According to the topological structure of wind-storage-load complementation 

microgrids, this paper proposes a method for energy coordinative optimization which 

focuses on improvement of the economic benefits of microgrids in the prediction 

framework. First of all, the external characteristic mathematical model of distributed 

generation (DG) units including wind turbines and storage batteries are established 

according to the requirements of the actual constraints. Meanwhile, using the minimum 

consumption costs from the external grid as the objective function, a grey prediction model 

with residual modification is introduced to output the predictive wind turbine power and 

load at specific periods. Second, based on the basic framework of receding horizon 

optimization, an intelligent genetic algorithm (GA) is applied to figure out the optimum 

solution in the predictive horizon for the complex non-linear coordination control model of 

microgrids. The optimum results of the GA are compared with the receding solution of 

mixed integer linear programming (MILP). The obtained results show that the method is a 

viable approach for energy coordinative optimization of microgrid systems for energy flow 

and reasonable schedule. The effectiveness and feasibility of the proposed method is verified 

by examples. 
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1. Introduction 

In recent years, with energy and environmental problems becoming increasingly prominent, 

microgrids using the technology of electricity generation and energy supply with distributed generation 

(DG) have drawn worldwide attention. To help microgrids incorporate smoothly into external power 

grids and take full advantage of DG, a series of problems related to the microgrid such as stability, 

reliability, grid-connected control, energy management and economic operation must be solved [1–3]. 

Reducing operation costs and the improvement of economic benefits are critical factors that are helping 

microgrids attract more customers. 

Microgrids have two kinds of operation mode which are grid-connected and islanded operation.  

If a reasonable control strategy can be used to determine the best operating mode of DGs, it will meet the 

economic and technical requirements of enhancing the energy utilization rate and reducing operating  

costs [4–6]. Nevertheless, due to the intermittent nature of power supplies such as wind and solar energy,  

it is difficult to meet the actual control requirements for traditional coordinative control strategy of  

the energy, and therefore, it is essential to further research optimal energy management solutions  

for microgrids. 

Various research approaches for coordinative optimization control of microgrid systems are reported 

in the relevant domestic and overseas literatures, which construct different energy optimization 

management methods for microgrids under the premise of meeting power load demand. One such paper 

proposes a controllable hybrid renewable energy system (HRES) model with variable wind and sun 

power through a storage unit. The HRES incorporates a forecast method and a scheduling mechanism, 

operating as a grid services provider, rather than as only an energy generator [7]. A model predictive 

control theory and wind power prediction is used for controlling the battery energy storage system 

(BESS) to minimize the BESS capacity. This step can reduce the overall cost of the system as the BESS 

capacity is reduced [8]. A layered and distributed energy optimization management strategy for microgrids 

based on a multi-agent system has been put forward to transform traditional centralized energy 

management [9]. Through solving the problem of distributed predictive control optimization based on 

error balance between system supply and demand, effective utilization of new energy for load requirement 

has been achieved [10]. A mixed integer linear programming based on receding horizon control has been 

proposed for managing multi-standard scheduling decisions of the battery in a microgrid [11]. 

Coordinative optimization management of microgrid energy is essentially a discrete, non-linear and 

multi-objective optimization problem [12]. For that reason, on the basis of optimum control theory and 

the economic requirements of microgrids, this paper proposes an economical optimization coordination 

control based on prediction strategy for a wind-storage-load microgrid system, which uses a grey 

short-term prediction model based on residual modification to predict the electric energy of the wind 

turbine, solving the random effect of wind power generation. According to the characteristics of the 

grid-connected model of the microgrid, it combines spot power price, wind power prediction data and 
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operating state of load to propose an energy management strategy under the receding horizon control 

(RHC) methid, which uses an intelligent genetic algorithm (GA) to figure out the optimum solution in 

the predictive horizon. Finally, the results are compared with the receding solution of mixed integer 

linear programming (MILP). The calculation results show that an excellent optimization effect can be 

achieved by using the receding horizon control strategy to solve the optimization problem. This control 

strategy contributes to reasonable scheduling and can optimize the energy flow among DGs, loads and 

the external grid, and it succeeds in providing a new research idea for energy coordinative optimization 

to realize the economic optimality of microgrids. 

2. Topological Structure of Microgrid System and Model Description 

To make microgrid system smoothly incorporate into an external grid, it is essential to conduct  

an effective energy coordinative optimization knowing the properties of the various DGs within  

the microgrid. 

2.1. Topological Structure of the Microgrid System 

According to existing research, there are several major methods of microgrid coordination control, 

such as coordination control based on layered control mode, energy management system and 

multi-agent systems [13,14]. The combination of centralized layered control and energy coordinative 

optimization management system is in favor of effectively optimizing the generation output of DGs  

as well as meeting the load demands. 

As shown in Figure 1, a wind turbine, storage battery and load are connected with the external grid 

through the coordination control of a central controller. According to the spot power price,  

data prediction of wind power, operating state of the load, as well as the decisions from the microgrid 

energy management system (MEMS), the central controller is in charge of the energy flow inside the 

microgrid. To ensure the lowest economic cost, a microsource controller (MC) and load controller 

(LC) are controlled to provide stable and reliable electric power for the load. A simplified microgrid 

model is shown in Figure 2. 

 

Figure 1. Topological structure of a microgrid system. 
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Figure 2. A simplified model of a microgrid. 

As shown in Figure 2, Pw(t) denotes the power output of the wind turbine at time t, and Pl(t) refers 

to the power consumption of the load. If Pg(t) and Pb(t) are positive values, they indicate the power 

output of the external grid and storage battery, respectively, and otherwise, they indicate power input. 

2.2. External Characteristic Model of DGs 

The mathematical models of DG units are the foundation of the microgrid’s energy coordinative 

optimization. This section presents mathematical models involving the relevant DG units such as wind 

turbines and storage batteries. 

2.2.1. The External Characteristics of Wind Turbine 

The ideal aerodynamic system model describing the conversion from wind energy to the output 

power of wind turbine is [15]: 

 2 3
M

1
ρ π λ,β

2w w pP R C v      (1)

where v is the wind speed, ρ is the air density; Rw is the radius of the wind turbine blade, πRw
2 denotes 

the swept area of blade, MwP   is the mechanical power output of the wind turbine and  λ,βpC

represents the function relevant to the tip speed ratio λ and blade angle β. 

In practice, the generated output model of a wind turbine can be divided into a linear output model, 

quadratic output model, cubic output model and measured wind turbine performance model.  

The quadratic output model, which is very common, depends nonlinearly on the wind speed and can be 

roughly partitioned into different regimes as described by the following equation [16–18]: 
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where wP , rateP  represent the output and rated power of the wind turbine, civ , cov , ratev , v  are the 

cut-in, cut-out, rated and actual wind speed λ1, λ2, λ3 denote correlation coefficients of the wind turbine 

which can be calculated via curve fitting. 

2.2.2. Mathematical Model of a Storage Battery 

Due to the randomness of wind power generation and the fluctuation of energy flow in power grids, 

energy storage devices should be introduced into the microgrid, for the purpose of ensuring reliable 

power supply through the charge and discharge operations of storage batteries. Using storage batteries 

can diminish the problems of power energy quality such as voltage sag and the power momentary 

interruption, and greatly improve the stability and reliability of the power supply. 

For the sake of maximizing the utilization of the storage battery within the microgrid, the storage battery 

can be implemented by charge and discharge operations to decrease the electricity purchase from the 

external grid. For describing the storage battery operation, we introduce the following dynamic equation: 

( ) (1 τ) ( 1) ( ) ( )C D
b b b bE t E t P t P t       (3)

where Eb(t) represents the state of charge(SOC) of energy stored at time t, τ is the hourly self-discharge 
decay, ( )C

bP t , ( )D
bP t  are the charge or discharge power of storage battery at time t, respectively. 

When the battery is charging or discharging, the power can be described as: 
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When the battery is charging, the Pb is negative, and otherwise indicates discharging, ηC and ηD denote 

the charge and discharge efficiency of the storage battery, respectively, KC and KD indicate the hourly 

maximum charge and discharge ratio of the storage battery, respectively. Detailed parameters of the 

storage battery are listed in Table 1. 

Table 1. Energy storage parameters. 

Parameter Characterization Numerical Value 

τ hourly self-discharge decay 0.0001 
ηC charge efficiency 0.9 
ηD discharge efficiency 1.0 
KC hourly maximum charge ratio 0.1 
KD hourly maximum discharge ratio 0.1 

2.3. Inverter Model 

According to the different strategies of grid-connected operation and islanded operation, different 

control methods are used for inverter control of DGs. Both wind turbinesw and storage batteries should 

be incorporated into the power grid through inverterws. In the state of islanded operation, at least one 

DG must provide a reference voltage and frequency for the microgrid, so the aim of the V/f control 

method is to output the voltage and frequency of major DG, which substitute for the external grid’s 
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reference values in the allowable range, and guarantee the operation of other DGs. On this basis, the rest 

of the DGs make use of the inverter’s active and nonactive/reactive power (PQ) control method tracking 

reference voltage and frequency of the V/f control method. When carrying out grid-connected operation, 

the reference values of the external grid can be provided, so each DG is simply asked to output 

reasonable active and reactive power. Then all of DGs should use the PQ control method which 

effectively adjusts the active and reactive power (or power factor) to control theenergy flow and make 

the system operation stable. 

Figure 3 shows control structure of an inverter related to a DG. A three-phase inverter is connected 

with the external grid through filter inductance Labc and filter capacitor Cabc (the line impedance is 

ignored). U1abc and i1abc are the three-phase export voltage and current of inverter, respectively, and U2abc 

and i2abc are the three-phase voltage and current after filtering, respectively. 

abcL
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1u abc

2abci 2abcu

dcU

2abcu2abci

Fabcu

1abci

Cabci

'
abcL

abcR

1abci
1abci
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P Q

0Q
0Pf

0U0f
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Figure 3. The control structure of the inverter. 

In experiments, when power is not taken from the external grid but a storage battery plays a 

supportive role alone in the case, an inverter with Droop characteristics provides the reference voltage 

and reference frequency for the wind-storage-load complementation microgrid system. In fact, the actual 

control methods referred to outer-loop and inner-loop control are respectively power control, voltage 

and current control. Besides active power and reactive power control of power loop, the voltage loop’s 

control variable is the load voltage while the control variable of the current loop is the capacitance 

current [19]. No matter how energy flows between the external grid and microgrid or between DGs, 

energy balance can be guaranteed reliably and effectively. 

Figure 4a shows the Droop characteristic between active power and frequency of the DG output; and 

Figure 4b shows the Droop characteristic between reactive power and voltage of the DG output. 
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(a) (b) 

Figure 4. Droop characteristics of DG: (a) Relation curves of P–f; (b) Relation curves of Q–U. 

Each inverter obtains command values, namely frequency f and amplitude of the output voltage FU , 

by the Droop characteristics. The relevant equations of Droop characteristics are shown below: 
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The voltage equation of the filter inductance is: 
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The differential equation of the filter capacitor is: 
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C i i i i

dt
     (8)

According to the above equations, a mathematical model in a two-phase rotary coordinate system (d-q 

coordinate system) is achieved as below [19]: 
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2.4. Spot Power Price Model 

Spot power price is a reasonable pricing policy in the next period of time which is made by power grid 

enterprises, on the basis of the supply and demand information in the power grid, the power load 

characteristics or other factors. It is a superior pricing method which can reflect well the supply-demand 

characteristics of the grid and the variation of power supply cost in a short term [20]. 

In this paper, two kinds of spot power price including purchasing and selling price are applied in the 

microgrid. For the electricity selling price, the value is calculated by the cost of wind power generation 
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and remains at a fixed value of RMB 0.58/kWh. The specific information of the electricity purchasing 

price can be seen in Table 2. 

Table 2. Electricity purchasing price (yuan). 

Hours (h) 1 2 3 4 5 6 7 8 
Price 0.2294 0.1692 0.1243 0.0926 0.0287 0.1626 0.259 0.3693 

Hours (h) 9 10 11 12 13 14 15 16 
Price 0.4932 0.5028 0.7742 0.9558 0.9462 1.4241 0.9462 0.7551 

Hours (h) 17 18 19 20 21 22 23 24 
Price 0.3823 0.3486 0.3427 0.3948 0.4251 0.3326 0.2867 0.2125 

Electricity customers can rationally arrange their time and electricity consumption according to the 

price information and their own demand, thus achieving the aim of economic optimization of power cost 

and optimum allocation of resources. 

3. Energy Coordinative Optimization of a Microgrid System Based on Short-Term Prediction 

3.1. The Optimization Control in Receding Horizon 

The optimization control in receding horizon is an optimal control theory in a limited horizon. 

However, it differs from traditional optimization control theory. It takes the current time t of the system 

as the initial condition at the receding time domain, and employs the algorithm to find the optimal 

solutions for the control variables during the time from t to t + tr in the receding horizon. The aim is to 

obtain the optimum control sequence uk in a limited horizon. The first optimum control value is used as 

input for the current moment t. Then the above process are repeated in the next receding time domain. 

The process of receding horizon optimization is shown in Figure 5. 

 

Figure 5. Prediction optimization principle of RHC. 
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3.2. The Grey Prediction Model of Wind Power and Load with Residual Modification 

The prediction accuracy of wind power and load is directly associated with the feasibility and 

accuracy of a microgrid’s energy coordinative optimization model. Therefore, for the sake of higher 

model accuracy, the wind power and load are predicted by dint of the grey prediction model with 

residual modification. From the perspective of time scale, this type of prediction is applicable to the data 

within 24–72 h, thus falling into the short-term power prediction category [21]. 

(1) The establishment of grey prediction model:  

Let x(0)(k) be the historical data series and x(1)(k) be the accumulating generation operator (AGO) series;  

Following equation can be established for x(1):  
(0) (1) (1)( ) ( ) ( 1)x k x k x k    (10)

The differential equation of GM(1,1) can be expressed as follows:  
(1)

(1)α β
dx

x
dt

    (11)

(0)ˆ ( )x k is the predictive output of Equation (11), which can be obtained by least square method as follows: 
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Following equation can be obtained after Equation (11) is put into the differential equation:  

(1) (0) β β
ˆ ( 1) [ (1) ]

α α
aix k x e     (14)

(2) The building of residual model  

If the GM(1,1) model built with original sequence does not pass the test, residual modification shall 

be implemented with a view to heightening prediction accuracy. The residual sequence can be defined  

as follows: 
(0) (1) (1)ˆ( ) ( ) ( )e i x i x i   (15)

The generating sequence (1)e  can be obtained through the AGO of residual sequence (0)e .  

Then, corresponding GM(1,1) model can be built by means of (1)e :  

(1) (0) αβ
ˆ ( 1) ( α )( (1) )

α
ie i e e 

   


 (16)
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When 
(0)ˆ ( 1)e i   sequence is added to original prediction sequence

(1)ˆ ( 1)x i  , the modified model will 

take shape:  

(1) (0) (0) α ( 1)β β β
ˆ ( 1) ( (1) ) δ( )( α )( (1) )

α α α
ai i kx i x e k i e e    

       


 (17)

where the correction coefficient is: 

1
δ( ) {

0

k i
k i

k i


 


 (18)

Finally, the prediction model of original sequence will be proposed for residual modification:  
(0) (1) (1)ˆ ˆ ˆ( 1) ( 1) ( )x i x i x i     (19)

The residual test will be repeated until the prediction sequence passes the test upon being modified.  

(3) Residual Test  

It is indispensable to test the model after it is built. The variance ( ε ) and standard deviation (S1) of 

residual sequence as well as the variance ( x ) and standard deviations (S2) of the original accumulated 

sequence are figured out. 

Then, the judgment standards over the model’s residual test include:  

1

2

S
C

S
  (20)

(0)
2( ε ( ) ε ) 0.6745P prod i S    (21)

when P is greater than 0.8 and C is smaller than 0.5, the prediction value is qualified. The specific 

prediction precision can be seen in Table 3. 

Table 3. Grades of prediction precision. 

Grade of Prediction Precision P C 

Good  >0.95 <0.35 
Qualified  >0.8 <0.5 

Barely qualified >0.7 <0.45 
Unqualified ≤0.7 ≥0.65 

In combination with the known meteorological data, the above method can be adopted to figure out 

the predictive speed to finally deduce the wind power data, as shown in Figure 6a. This method can be 

also employed to work out the load power by dint of previous statistical data, as shown in Figure 6b.  

In the figure, blue represents the actual power, and red refers to the predictive power. 

Figure 6 describes the predictive and actual value of wind and load power within 24 h.  

Upon calculation, the variation ratio and small error probability of the predictive wind power value are  

C = 0.4035, and P = 0.8085, respectively, and those of the predictive load power value are C = 0.2190 

and P = 1, respectively. The two predictive evaluation indexes are consistent with requirements, which 

proves that the grey prediction method with residual modification can produce a satisfactory short-term 

prediction effect. 



Energies 2015, 8 1515 

 

(a) (b) 

Figure 6. The predictive and actual wind and load power: (a) The predictive wind power 

curve within 24 h; (b) The predictive load power curve within 24 h. 

3.3. Energy Coordinative Optimization Management Model of Microgrid System 

A microgrid energy coordinative optimization management system is supposed to plan and arrange 

the energy of wind turbines and storage batteries by dint of a reasonable and effective energy 

management strategy according to the short-term predictive power curve of wind and load a few days 

ago. In a given period, comprehensive consideration should be given to the predictive generating 

capacity of wind turbines, the remaining capacity of storage batteries, the power grid’s spot power 

price and load demand to build a model in which the objective function is to minimize the power 

consumption from the external grid and the constraints are constituted by the microgrid energy balance 

and the rated power of DGs. In this way, the capacity of power exchange between the microgrid and 

the external grid in each stage can be optimized to supply the electric energy accurately for the load at 

the lowest cost in real time. 

3.3.1. Objective Function 

Based on the guarantee of local load and power supply, the goal should be to minimize the 

consumption expenses from the external grid during the operation of the microgrid, which include the 

cost of the electricity purchased from the power grid, the earnings from selling electricity to the external 

grid, and the maintenance costs and depreciation losses of storage batteries: 

1

min [ ( ) ( ) ( ) ( ) ( ) ]
rt

Sell Buy
Sell g Buy g bat bat

t

C e t P t e t P t e t P t


         (22)

In the equation, eSell(t) refers to the spot power price when the electricity is sold to the external grid; 

eBuy(t) to the spot power price at which the electricity is bought from the external grid; ebat(t) to the 

management cost of storage batteries; Pg
Buy(t) to the electric power absorbed by the external grid 

(negative sign) at time t; Pg
Sell(t) to the electric power generated by the external grid (positive sign) at 

time t; Pbat(t) to the active power of the storage batteries at time t; and Δt to the time interval of system 

operation (Δt = 1 h). 
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3.3.2. Constraints 

(1) Power balance constraint: 

( ) ( ) ( ) ( )w g b lP t P t P t P t    (23)

In the equation, Pw(t) refers to the power output of a wind turbine unit at the time t and Pl(t) to the 

power consumption at the time t. When positive values, Pg(t) and Pb(t) will represent the power output of 

external grid and storage battery at the time t, respectively; conversely, they will represent the  

power input. 

(2) The constraints on the maximum power of the interaction between microgrid and external grid: 
min max( )g g gP P t P   (24)

In the equation, Pg
min and Pg

max constitute the lower and upper limits of the power during the energy 

exchange between the microgrid system and the external grid. 

(3) Constraints on the power output of storage batteries:  
min max( )b b bP P t P   (25)

In the equation, Pb
min and Pb

max represent the minimum and maximum output power of the storage  

batteries, respectively. 

(4) Energy balance constraints of the storage batteries: 

( 1) (1 ) ( ) ( )bE t E t P t t       (26)

where E(t) refers to the remaining capacity of a storage battery at time t and τ to the hourly self-discharge 

decay of a storage battery within a unit time (normally, τ = 10−4).  

(5) Constraints on the charge and discharge rate of storage batteries: 
min max( ) ( ) ( )E t E t E t      (27)

where Emin(t) and Emax(t) denote the minimum and maximum values of the charge and discharge rates. 

(6) Constraints on the remaining capacity of the storage batteries 
min max( ) ( ) ( )E t E t E t   (28)

where Emin(t) and Emax(t) refer to the minimum and maximum values of storage battery  

capacity, respectively.  

3.4. Energy Coordinative Optimization of Microgrid System Based on GA 

A genetic algorithm (GA) is a self-adaptive probabilistic algorithm of global optimization that takes 

shape in the process of simulating heredity and evolution in natural environments [22]. Equipped with 

advantages such as excellent robustness, high efficiency, and parallelism, genetic algorithms are widely 

applied to combinational optimization [23]. 
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3.4.1. The Objective Function of the Energy Coordinative Optimization of a Microgrid System 

The objective function, which takes into account the cost of buying electricity from the power grid 

and the earnings from selling electricity to the power grid, is represented by Pg(t). If Pg(t) is positive,  

the external grid outputs power to the microgrid, on the other hand, if negative, the power flow reverses. 

The time step is denoted by s. The corresponding equation is Equation (29): 

1

( | ) ( | ) ( | ) ( | )
min [ ( | ) ( | ) ( | ) ( | )]

2 2

rt
g g g g

GA Sell Buy bat bat
s

P t s t P t s t P t s t P t s t
C e t s t e t s t e t s t P t s t t



     
          

 
(29)

In the equation, the cost will be eSell(t)·Pg(t) when Pg(t) is a positive value, but the cost will  

become −eBuy(t)·Pg(t) when it is a negative value. 

3.4.2. The RHC Optimization Based on a Genetic Algorithm 

In this paper, the RHC optimization framework is employed, with the receding optimization range 

being tr and the receding step being 1 h. At time t, a solution for the optimization within the receding 

horizon [t t + tr] should be found, and the objective function should be minimized through calculating the 

optimal control sequence within receding horizon. In view of this, receding optimization range is added 

to Equation (29) to calculate the system operation cost during t and t + tr, which emerges in the following 

equation as a new objective function:  

1

min ( | )
rt

s

C t s t


  (30)

In the new objective function, the receding horizon not only takes account of the current situation, but 

also considers the system operation state at a future period of time. In this way, the optimization process 

will produce a better predictive dynamic control effect, with the basic flowchart of the algorithm shown 

in Figure 7. 

3.5. Linearization of the Non-Linear Model in Energy Coordinative Optimization of Microgrid System 

Mixed Integer Linear Programming (MILP) intends to optimize problems involving integer or 

discrete variables, and is widely applied due to its rapid computing speed and high accuracy. 

Considering that most of the problems that the actual system are constituted by non-linear problems and 

they are usually required to be converted into a linear expression if the MILP method is adopted, the key 

to finding a solution successfully is to linearize the non-linear problems effectively. 

In the energy coordinative optimization management model, because the prices of selling and 

purchasing power are brought in, the energy exchange between external grid and microgrid has two 

input and output states. For this reason, a state variable α is introduced to represent the state of the energy 

flow between the external grid and microgrid. α = 0 indicates that the electricity is sold, and α = 1 

indicates that the electricity is purchased, as expressed by Equation (31): 

1

[ ( | ) ( | ) α ( | ) ( | ) ( | ) ( | ) (1 α)]
r

Sell

t

MILP Sell bat bat Buy Buy
s

C e t s t P t s t e t s t P t s t e t s t P t s t t


                 (31)

The new constraints are added as follows: 
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As a proper margin, N is used to calculate in MILP. On this basis, the non-linear factors in the model 

can be transformed into a linear equation by the state variable α, and meanwhile, the optimization 

problem can be converted from a non-linear planning problem into a mixed integer linear planning 

problem, so MILP can be used to find a solution. 

 

Figure 7. The flowchart of RHC optimization strategy based on GA. 

3.6. The Specific Steps of a Microgrid System’s Energy Coordinative Optimization 

The thinking of the receding optimization within limited horizon is applied. According to the 

description of the model and optimal control theory, specific steps are shown as follows. The energy 

coordinative optimization flowchart can be seen in Figure 8. 

Step 1 Establish the microgrid model, including wind turbine model, storage battery model, spot 

power price model; initialization of the parameters involving the predictive wind power and 

the load demand values obtained in the predictive range and state variables Pw(t), Pg(t), 

Pb(t) and Pl(t). 

Step 2 Establish the constrained objective function of economical optimization according to the 

actual demand by the microgrid’s energy coordinative optimization. 
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Step 3 Find a solution for the minimization problem within a limited horizon in the optimization 

range of [t t + tr]; in this step, every receding optimization will bring into existence a control 

sequence U(t) = {u(t|t),…,u(t + tr|t)}, whereby the solution for the control variable u(t|t) can 

be found at the first step in current moment; that is, Pg(t|t) at the first step constitutes the 

variables for the energy exchange between the external grid and microgrid and Pb(t|t) is the 

variable for the charge and discharge energy of the storage battery.  

Step 4 The optimization horizon keeps receding: t = t + 1, return to Step 3. 

Step 5 Output the optimal result within the limited horizon [t, t + tn] after the receding  

optimization stops. 

r

( 1), ( 2 ) ( ) 1

arg min ( )
u t u t u t t p

t

s

u Cost t s
   

 


 

Figure 8. Flowchart of energy coordinative optimization. 

4. Experimental Results and Analysis 

4.1. Main Parameters 

In a microgrid’s economic schedule, a short-term schedule refers to an hourly schedule plan, which 

normally studies the output of DGs in 24 h. In this paper, a microgrid consisting of a wind turbine, 

storage battery and load is applied and the predictive output is decomposed into 24 time ranges based on 

one hour. In the optimization process, 0.0296 Yuan/kWh is taken as cost coefficient due to the addition 

of the storage battery unit. The main parameters of the model are shown in Table 4. Due to the use of a 

wind-storage-load microgrid model, the power selling price is subject to the on-grid price of wind power 

in the model. The 24-h spot power price is shown in Figure 9, where blue represents the purchasing price 

of power and red signifies the selling price of power. 
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Table 4. The output limitations of DGs. 

Number Parameter Power Upper Limit (kW) Power Lower Limit (kW) 

1 Pg 25 −20 
2 Pb 20 −20 
3 E 60 20 
4 E 30 −30 

 
Figure 9. Spot power price curve in 24-h. 

The 24-h wind and load power curves are predicted by the residual grey prediction method based on 

previous statistical data, as shown in Figure 10, where blue represents the predictive wind power curve 

and red signifies the predictive load power curve. 

 
Figure 10. The prediction curve of 24 h. 
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4.2. The Inverter Control Optimization Result 

In actual operation of a microgrid, not only will grid-connected operation emerge, but the islanded 

operation from the external power grid will happen. To verify that PQ control is able to control the DGs of 

the microgrid and stabilize system operation effectively in grid-connected operation mode, the experiment 

puts forward a design in which the given active power output of the storage battery declines from 20 to 

15 kW at the time of 0.4 s and then rises to 20 kW at 1.2 s. Meanwhile, in the experimental design,  

the given active power output of the wind turbine rises from 21 to 22 kW at the time of 0.4 s and then to 

26 kW at 0.6s, but afterwards, it declines to 25 kW at 1 s and to 22 kW at 1.2 s. Additionally, the given 

reactive output is 0 kVar. The experimental result is discussed below.  

Figure 11a shows the changes of the active power of the storage battery and wind turbine in  

grid-connected operation mode; Figure 11b shows the changes of reactive power of the storage battery 

and wind turbine in grid-connected operation mode; and Figure 11c shows the changes of the effective 

values of phase voltage and line current output from the storage battery. According to these figures,  

the DGs are still able to provide stable voltage output when the value of given power changes.  

The current value varies sensitively as rapidly as power changing. 

 
(a) 

 
(b) 
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(c) 

Figure 11. The effect of PQ control on a storage battery and wind turbine: (a) Active power 

of the storage battery and wind turbine; (b) Reactive power of the storage battery and wind 

turbine; (c) Effective values of phase voltage and line current output from the storage battery. 

In islanded operation mode, V/f control is implemented over the storage battery in this experiment, 

where the active given output is set as 20 kW and the reactive power output as 0. The given active power 

of the wind turbine increases from 5 to 10 kW at the time of 0.5 s and becomes stable afterwards.  

The load grows from 15 to 20 kW at the time of 0.6 s and to 26 kW at 0.8 s, but afterwards, it returns to 

20 kW at 1.2 s. The experimental result is discussed below: 

Figure 12a focuses on the changes in active and reactive power output from the storage battery in  

off-grid mode and Figure 12b focuses on the changes in the voltage value, current value and frequency 

output from the storage battery. It can be seen that, with the changing load power, the voltage and 

frequency of the storage battery remain stable, and meanwhile, the current and power are able to change 

with the load power. 
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(b) 

Figure 12. The effect of V/f control on the storage battery: (a) Active and reactive output  

power of the storage battery; (b) The phase voltage, line current and frequency output from 

the storage battery. 

4.3. The Result Analysis of RHC Based on Prediction 

After the predicted data of wind power and load power are figured out according to the proposed 

model, the intelligent GA is employed to find a solution for the objective function of economical 

optimization. The predictive step size is calculated from the first step and then accumulated step by step 

until the 10th step. After large quantities of tests, 100 initial populations are selected by means of the 

intelligent GA, with the largest number of iterations reaching 20,000, the mutation rate at 0.1 and the 

crossover rate at 0.8. 

Figure 13a shows the optimization results of the external grid and battery power obtained by means of 

GA for different prediction lengths, and Figure 13b reveals the optimization result of the battery’s 

remaining capacity obtained by means of the GA for different prediction lengths. In these figures,  

red bars mean the charge and discharge capacity of the battery; blue bars signify the external grid power; 

and green bars refer to the battery’s SOC. 

As shown by the experimental result, when the solution is found by means of the GA and the 

prediction length is 1, the microgrid will rely on the support of the external power grid; the storage 

battery will stop working; and the optimal control theory will be unable to optimize the result. As the 

prediction length increases, the optimization result will be smaller and the optimization will become 

increasingly obvious. When the prediction length is 5, the optimization results will converge. When the 

prediction length reaches 10, the optimization result will be nearly identical with that when the 

prediction length is 5. This suggests that a longer prediction length does not always produce a better 

optimization result. 
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(a) (b) 

Figure 13. The optimization result of a GA for different prediction lengths: (a) The 

optimization result of the external grid and battery power; (b) The optimization result of the 

battery’s SOC capacity. 

Meanwhile, in order to verify the linear decomposition efficiency and accuracy of the non-linear 

model of a microgrid’s energy coordinative optimization, the MILP algorithm is used to find a solution.  

Figure 14a,b is the optimization results of the external grid and battery power and battery’s remaining 

capacity, respectively, when the prediction length of MILP is 5. In these figures, red bars mean the 

charge and discharge capacity of the battery; blue bars signify the grid power; and green bars refer to the 

battery’s remaining capacity. 

(a) (b) 

Figure 14. The optimization result when MILP’s prediction length is 5: (a) MILP’s receding 

optimization result of the grid and battery power; (b) MILP’s receding optimization result of 

the battery’s remaining capacity. 
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When the prediction length is 5, the optimization results of the two algorithms will converge and the 

change trends of the optimization curves are synchronized, which has manifested the accuracy of  

the RHC based on prediction strategy. According to the result, this linear method is able to figure out the 

energy direction of DGs in predictive horizon and satisfy the constraints of the charge and discharge 

capacity model of storage batteries. With the application of RHC based on prediction strategy, when the 

prediction length reaches a certain value if the constraints are satisfied, both GA and MILP could 

guarantee the economically optimal operation and the battery will not be charged or discharged 

frequently. Thus, it can be seen that this solution has taken account of not only economical optimization 

but also the service life of the storage battery. 

4.4. The Comparison about Optimization Results of GA and MILP 

To further verify that it is effective and feasible for the RHC based on prediction strategy to realize 

the energy coordinative optimization of microgrid, the performance of GA and MILP algorithms in the 

same microgrid model are compared in details in this section. 

Table 5 shows the optimization result obtained after the global optimization of 24-h data without 

implementing RHC based on prediction strategy. The GA result is basically consistent with that of 

MILP, but GA achieves a more economical optimization result and takes full advantage. 

Table 5. The comparison about the 24-h optimization results without implementing RHC 

based on prediction strategy. 

Number Method Optimization Result 

1 GA 45.6 
2 MILP 48.49 

As the receding optimization continues, not only the prediction length but also the computation time 

increases. However, as a result of the increasingly higher optimization accuracy, the final optimization 

result converges at a small range, as shown in Figure 15. Figure 15a demonstrates the RHC based on 

prediction results of GA and MILP, and Figure 15b shows the difference value curves of the based on 

prediction results of GA and MILP. In these figures, blue refers to the GA computation method; red to 

the MILP solution-finding method; and green to the difference values of the optimization results of  

GA and MILP. 

Figure 15 has demonstrated that GA and MILP are respectively applied to finding a solution when  

the optimization method based on prediction is implemented. The optimization result reveals that the 

increase in receding predictive step can contribute remarkably to reduce the economic cost, and the 

optimization result will converge when the step size reaches a certain degree. When the step size is no 

less than 5, the MILP optimization result will converge as a constant value, but the GA optimization 

result will converge in a small range. Thus, it can be seen that a longer prediction length does not imply 

that the result is better. Though the computation time will increase with the step size, the optimization 

effect will not become better as the step size rises. 
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(a) (b) 

Figure 15. Comparison between the prediction-based results of different strategies:  

(a) The results of GA and MILP based on prediction; (b) The difference values of the 

prediction-based results of GA and MILP. 

As shown in Table 6, the optimization result of GA is slightly superior to that of MILP, but their 

solutions are basically the same. With the complications of the microgrid model, it will be more difficult 

to linearize the non-linear objective function. Facing this problem, MILP will be unable to meet the 

computing requirements, but GA can be widely applied to finding a solution for non-linear optimization. 

Thus, it can be seen that the RHC based on prediction strategy has fully exploited the GA’s advantages; 

meanwhile, due to the satisfactory optimization effect, this strategy can optimize the energy flows 

between wind turbines, storage batteries, loads and external grids, and meet the requirements for the 

economical optimization of microgrid systems. 

Table 6. The RHC of predictive optimal results for different strategies. 

Number Method 
Prediction Length tr 

1 2 3 4 5 6 7 8 

1 GA 80.093 76.095 55.107 50.628 50.053 50.089 50.055 50.054 

2 MILP 80.093 72.949 54.334 51.044 50.147 50.147 50.147 50.147 

3 Difference values 0 3.146 0.773 −0.416 −0.094 −0.058 −0.092 −0.093 

5. Conclusions 

The energy coordinative optimization method not only is able to meet the actual demands of energy 

management strategy, but also guarantees reliably economic operation of microgrids, so it greatly 

contributes to the promotion and application of microgrids. 

(1) Based on the characteristics of microgrids, this paper proposes a method for energy coordinative 

optimization which focuses on the improvement of the economic benefits of microgrids in the 

prediction framework. 

(2) The generation power of wind turbines and load power are predicted through building a grey 

prediction model with residual modification, which has eliminated the unstable influence of wind 

power on energy optimization. Meanwhile, the data such as spot power price, wind power and 

predicted load power are applied in the optimization algorithm. 
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(3) Comparing GA with MILP in finding the optimal solutions, MILP has higher computing speed, 

but non-linear computing become difficult after model becomes more complex. A GA can 

efficiently figure out the optimum solution in predictive horizon for the complex non-linear 

coordination control model of microgrids. The effectiveness and feasibility of the proposed 

method which integrates RHC and GA is verified by example. 

(4) As for future work, we think that energy coordinative optimization model of microgrids and 

various constraints such as economy, environment and maintenance cost need to be improved. 

Furthermore, the charge and discharge frequency of the storage battery and centralized, 

distributed and decentralized optimization algorithms need to be discussed. 
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