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ABSTRACT

Capacity allocation and energy management strategies for energy storage are critical to the safety and economical
operation of microgrids. In this paper, an improved energy management strategy based on real-time electricity price
combined with state of charge is proposed to optimize the economic operation of wind and solar microgrids, and the
optimal allocation of energy storage capacity is carried out by using this strategy. Firstly, the structure and model of
microgrid are analyzed, and the output model of wind power, photovoltaic and energy storage is established. Then,
considering the interactive power cost between the microgrid and the main grid and the charge-discharge penalty
cost of energy storage, an optimization objective function is established, and an improved energy management
strategy is proposed on this basis. Finally, a physical model is built in MATLAB/Simulink for simulation verification,
and the energy management strategy is compared and analyzed on sunny and rainy days. The initial configuration
cost function of energy storage is added to optimize the allocation of energy storage capacity. The simulation results
show that the improved energy management strategy can make the battery charge-discharge response to real-time
electricity price and state of charge better than the traditional strategy on sunny or rainy days, reduce the interactive
power cost between the microgrid system and the power grid. After analyzing the change of energy storage power
with cost, we obtain the best energy storage capacity and energy storage power.

KEYWORDS
Energy storage optimization; real-time electricity price; state of charge; energy management strategy; interactive
power

Nomenclature

Pcharge.B Charging power of the energy storage
ηC Charging efficiency
ηD Discharging efficiency
Spanel Area of photovoltaic panels
ηPV Photovoltaic conversion efficiency
Irr,PV Solar irradiance
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ρ Air density
Swind Area swept by the blades of the wind turbine
CP Wind energy utilization efficiency
v Wind speed in front of the wind rotor
Pl Power sold to the grid
ml Selling price
Pg Electricity purchased from the main grid
mg Purchase electricity prices
Pnet Interactive power between microgrid and the main network
Pmax Maximum transmission line power

1 Introduction

In recent years, renewable energy sources such as PVs and wind power have rapidly emerged in the
field of microgrids, but with the continuous expansion of power generation capacity, the randomness
and volatility of their output have greatly hindered the progress of this field [1]. In order to improve
power quality and meet the basic needs of electrical equipment or grid connection, new energy power
generation is applied as a dispatchable power source, and at the same time, energy storage is used to
smooth power fluctuations and maintain voltage stability. However, the cost performance of energy
storage systems is currently low and it has a limited operating cycle, so under the condition of stable
operation of the microgrid, it is of great significance to reasonably configure and optimize the energy
storage capacity [2].

For the capacity configuration of energy storage, there have been relevant researches at home and
abroad with various methods. Reference [3] established a multi-type hybrid energy storage model based
on power output constraints and energy storage economy. Compared with a single energy storage
system, it is confirmed that the hybrid energy storage system has obvious advantages in terms of
stability and economy. Reference [4] evaluated the energy utilization rate and load loss under the
condition of ensuring the minimum total net present value cost, and establishes a hybrid energy storage
system containing hydrogen energy storage and storage battery to reduce the operating cost of the
microgrid. In the literature [5], under the premise of ensuring the lowest power transaction cost and
energy storage investment and operation cost of the hybrid energy storage system, the discrete Fourier
transform was used to decompose the original power, and the charging and discharging power of
the system is optimized. Reference [6] established an energy storage capacity allocation model by
minimizing the initial investment of energy storage and tie line fluctuations. Reference [7] analyzed
the characteristics of distributed power generation and the optimization objective function model, and
quantitatively evaluates the economic and technical goals of the microgrid, which effectively realizes
the multi-objective optimal operation of the microgrid. Reference [8] established a microgrid under
the isolated grid operation mode. The economic dispatch strategy and dispatch model of the system
are solved by an improved genetic algorithm, and the cogeneration of the microgrid system is realized.
Literature [9] proposed a hierarchical control strategy, which can meet the requirements of load power
and ensure power quality. Literature [10] proposed a multi-agent system-based bidding optimization
strategy for microgrids, which determines the cost of power generation from the system level of the
microgrid. have a discussion. The hybrid energy storage system in the literature [11] used wavelet
decomposition algorithm to decouple out the battery and supercapacitor components, and the energy
storage components are the mean, variance, fluctuation range and number of fluctuation points are
used as the indicators to analyze the fluctuation quantity at different confidence levels and capacities.
The mean, variance, fluctuation range and number of fluctuation points are used as indicators to
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analyze the smoothing effect of the hybrid energy storage system. The mean, variance, fluctuation
range and number of fluctuation points are used as indicators to analyze the smoothing effect of
the hybrid energy storage system. The literature [12,13] considered the problem of the battery’s own
operating characteristics limitations and proposed a battery capacity determination method based on
the internal characteristics of the battery. The method of determining the battery capacity based on the
internal characteristics of the battery is proposed. Three different optimization schemes are established
according to the optimization objectives and constraints. The literature [14,15] based According to the
characteristics of combined PV system-energy storage operation, considering the operation process
the dynamic change process of energy storage energy, and the technical characteristics of energy
storage unit The technical characteristics of the energy storage unit are used as constraints, and a
joint allocation method of PV and energy storage capacity is proposed with the load shortage rate
and energy spillover ratio as the assessment indicators. The joint allocation method of PV and energy
storage capacity is proposed with the technical characteristics of energy storage unit as the constraint.
Under the given case the capacity allocation of three types of energy storage cells is calculated
separately under the given case conditions. Under the given case conditions, the capacity allocation
of three types of storage cells is calculated separately, and the optimal photovoltaic storage capacity
is calculated with the objective of minimizing the initial investment. The optimal photovoltaic storage
capacity configuration is calculated with the objective of minimizing the initial investment. In the
literature [16], a compromise approach was proposed to achieve the maximum utilization of wind
power and the minimum cost of energy storage devices with the goal of smoothing the power output
of wind power. In the literature [17], a battery storage capacity optimization model that integrates
wind power scheduling power optimization and variable lifetime characteristics was proposed with
the objective of maximizing the annual return of the combined wind storage system.

Most of the above methods start from improving hybrid energy storage and dispatching strategies,
and have achieved good results in the optimization of stability and economy [18,19]. However,
few articles have researched the management strategy of real-time electricity price on the optimal
configuration of energy storage. Traditional energy management strategies only consider the state
of charge (SOC) of energy storage, and do not consider the constraints of electricity prices in this
period. As long as the state of charge of the battery is within the specified value, it can be charged and
discharged, which increases the frequent fluctuations of the state of charge, resulting in a decrease in
the service life of energy storage, thus causing an increase in the total cost of electricity [20]. In addition,
the energy storage system only charges when the new energy output is greater than the load demand
and meets the state of charge range. The impact of real-time electricity prices on energy management
and energy storage optimization is not considered, and the cost of energy storage configuration
cannot be reduced by the difference between peak and valley electricity prices and lost some economic
benefits [21].

Based on the above research, an improved energy management strategy considering real-time
electricity price combined with state of charge is proposed for the optimal configuration of wind-solar
storage microgrid energy storage system, and solved by linear programming [22]. Taking cloudy and
sunny days in a certain area as typical representative days, the optimal allocation results of traditional
energy management strategies and improved energy management strategies on wind [23,24], solar
storage microgrids under two scenarios were analyzed. It has been verified that the improved energy
management strategy proposed in this paper can use the peak-valley electricity price to reduce the
interactive power cost between the microgrid and the main network to a certain extent, and overcome
the shortcomings of the battery weakening its role according to the fixed charging and discharging
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rules [25,26]. On the basis of ensuring stability, the purpose of maximizing economic benefits is
achieved [27,28].

2 Wind-Solar Storage Microgrid System Structure and Power Generation Model
2.1 Wind-Solar Storage Microgrid System Structure

The wind-solar-storage microgrid system is mainly composed of wind power system, PV system,
energy storage system, energy management system and energy conversion device [10], as shown in
Fig. 1.
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Figure 1: Wind-solar storage microgrid system structure

2.2 Energy Storage Battery Model
The remaining power EB (t) of the energy storage battery at time t depends on the remaining

power at the previous moment, the charging and discharging efficiency of the battery, and the charging
and discharging power at this moment. When the energy storage battery is charged (PB(t) < 0), the
remaining power can be expressed by Eq. (1):

EB (t) = EB (t − 1) + Pch arg e.B (t) Δt
ηC

(1)

When the energy storage battery is discharged (PB(t) > 0), the remaining power can be expressed
by Eq. (2):

EB (t) = EB (t − 1) − Pdisch arg e.B (t) ηDΔt (2)

In the formula: EB (t − 1) is the remaining power of the energy storage at the last moment.

2.3 PV Power Generation Model
To simplify PV generation, the PV output power model is defined as:

Pv (t) = Spanel · ηPV · Irr,pv (t) (3)
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2.4 Wind Power Model
The actual output active power of the wind turbine is shown in Eq. (4):

Pwind (t) =
⎧⎨
⎩

0, v (t) < v1or v (t) > v2

0.5CpSwindρv(t)3, v1 ≤ v (t) ≤ v2

0.5CpSwindρv3
e, ve ≤ v (t) ≤ v2

(4)

3 Energy Storage Configuration Optimization Model
3.1 Objective Function

The microgrid has the smallest electricity cost in a day. The daily electricity cost when the microgrid
is connected to the grid includes the electricity cost purchased by the microgrid from the main grid and
the electricity revenue sold to the main grid and battery charging and discharging costs. Therefore, the
electricity cost function of the microgrid in one day can be expressed as:

min f =
∑T

t=1
pl (t) · ml (t) · �t − pg (t) · mg (t) · �t − �PB (t) · δt (5)

wherein: f is the electricity cost.

3.2 Constrained Condition
After the optimization objective function is determined, certain constraints need to be met.

According to the established economic and power supply reliability objective functions, the con-
straints are set as wind power, PV power generation output power constraints, voltage constraints,
energy storage charge and discharge constraints, and capacity constraints. and load power balance
constraints [13].

(1) Voltage constraints

Umin ≤ U ≤ Umax (6)

(2) Energy storage system charge and discharge power constraints{
Pmin

dis ≤ Pdisch arg e,B (t) ≤ Pmax
dis

Pmin
ch ≤ Pch arg e,B (t) ≤ Pmax

ch

(7)

(3) Charge and discharge state transition constraints⎧⎨
⎩

Sch (t) + Sdis (t) = 1
Ydis (t) − Zch (t) = Sdis (t + 1) − Sdis (t)
Ydis (t) + Zch (t) ≤ 1

(8)

In the formula: Pmax
ch and Pmax

dis are the maximum charging and discharging power; Sch (t) and Sdis (t)
are the charging and discharging states of the energy storage in the t period; Zch (t), Ydis (t) represent
the state variables of the charging and discharging transitions in the period, and take 0 or 1.

(4) Power load balancing constraints

Pnet (t) + Pv (t) + Pwind (t) + PB (t) = Pload (t) (9)

In the formula: Pnet (t) is the interactive power of the microgrid and the main network. Pload (t) is
variable load.

(5) SOC constraints

SOCmin ≤ SOC ≤ SOCmax (10)
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(6) Transmission line power constraints

|Pnet (t)| ≤ Pmax (11)

The interactive power range between the microgrid and the main network is within the power limit
of the transmission line to ensure the safe operation of the system. Pmax are maximum transmission
line power.

4 Real-Time Electricity Price Combined with State-of-Charge Energy Management Strategy

In order to ensure the economy of microgrid operation, the relationship between the real-time
electricity price of micro-source and the real-time electricity price of the main grid needs to be
compared in the grid-connected operation control strategy. After reviewing the data, it was found
that the wind photovoltaic price was slightly higher than the minimum electricity price of the grid,
17 Cents/kWh, and did not change much with time. In order to simplify the model, this paper sets
the wind and photovoltaic price as a constant, and the purchase and sale price of the main network
is the same. In order to reduce the number of battery charge and discharge, improve battery service
life, realize peak-valley electricity price arbitrage, and reduce costs, this paper proposes an improved
energy management strategy based on real-time electricity price combined with charging state. Adopt a
strategy that combines the state of charge with the price of electricity. Because the grid electricity price
is generally low when the wind and solar are strong, and high when the wind and solar are insufficient.
For microgrids, this paper sets the idea of selling electricity to the main grid as much as possible during
periods of high electricity prices, and self-meeting demand as much as possible during periods of low
electricity prices. It can prevent frequent charging and discharging of batteries, extend service life, and
reduce the interactive power consumption cost between the microgrid system and the main network
through peak-valley electricity prices.

During the energy optimization process, the difference between the electric energy provided by the
distributed power source and the electric energy required by the load is shown in Eq. (9).

According to the electricity price data of a certain place in Gansu, as shown in Fig. 3b, the
electricity price is set to different time periods shown in Table 1. There are 2 periods of high electricity
prices in the day, and the rest are normal periods.

Table 1: Definition of the electricity period

Type of electricity price Time(s)

High electricity prices 0–0.2 × 104

1.5 × 104–2.5 × 104

5.9 × 104–8.3 × 104

Usual electricity prices 0.2 × 104–1.5 × 104

2.5 × 104–5.9 × 104

8.3 × 104–8.6 × 104

Different management strategies are adopted for different electricity price periods. During periods
of high electricity prices, the concrete management strategies adopted are shown in the Fig. 2 below.

When the grid electricity price is at a high level and the wind power and solar power in the
microgrid are greater than the load power, priority is given to dispatching the energy storage device to
sell the full power generation to the main grid until the minimum value of SOC is reached, while the
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excess wind energy and photovoltaic power are also connected to the grid to sell electricity until the
power limit of the transmission line is reached; Energy greater than the power of the transmission line
charges idle batteries, and eventually excess power is discarded [28]. If wind power and solar power
generation are less than the load power, the energy storage device generates electricity at full power to
meet the load until the minimum value of SOC is reached, excess wind and solar energy can be sold
to the main grid, and when the load demand cannot be met, the final dispatch purchases power from
the grid to meet the load demand.
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Figure 2: Improve the logical flow of energy management strategies

When the grid electricity price is in the normal period and the wind power and solar power
generation power is greater than the load power, the energy storage is prioritized to charge until the
maximum value of the SOC, and the excess power can be sold to the grid; If wind and solar power
generation is less than the load power, the main grid is dispatched to meet the charging of the load and
energy storage up to the maximum value of the SOC.

A summary of the decision variables and their status is shown in Table 2.

Table 2: Decision variables and their status

Decision variables State

PB (t) Continuous
Pnet (t) Continuous
EB (t) Continuous

5 Example Analysis

The physical model of the wind-solar-storage microgrid is built in MATLAB/Simulink, and the
bus voltage reference is 5000 V. The rated power of the wind and the PV are both 450 kW. The battery
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state of charge limits is SOCmax = 0.8, SOCmin = 0.2, Pmax
ch = 400 kW, Pmax

dis = −400 kW. Specific parameter
settings are shown in Table 3.

Table 3: Basic parameters

Parameters Value

Spanel (m2) 2500
ηPV 0.3
Cp 0.3
SOCmin 0.2
SOCmax 0.8
Initial battery rated capacity (kWh) 2500
Fan blade diameter (m)
v1 (m/s)

18
4

ve (m/s) 12
v2 (m/s) 17
δ 0.45
Pmax (kW) 900

In the parameter settings of Simulink simulation model, the photovoltaic panel area is 2500 square
meters, the photoelectric conversion efficiency is 0.3, the wind power conversion efficiency is 0.3, the
upper and lower limits of state of charge are 0.8 and 0.2, the initial battery rated capacity is 2500 kWh,
the diameter of wind blades is 18 m, the battery penalty factor is 0.45 and the wind speed range of the
fan is shown.

Under the sunny and cloudy scenarios, the optimal operation and economic costs of microgrid
energy storage under the control of traditional energy management strategy and improved energy
management strategy were analyzed, and the energy storage capacity under the improved strategy was
obtained.

5.1 Comparison of Two Energy Management Strategies on Sunny Day
(1) Traditional energy management strategies

It can be seen from Figs. 3a and 3b that the traditional heuristic EMS has no connection with the
real-time electricity price for the charge and discharge management of the energy storage system, and
the energy storage SOC is unchanged or slightly decreased during the high price period of the day, and
it is in a state of not charging or slowly discharging. The charge and discharge state and power of energy
storage completely depend on the difference between wind and energy and load in the microgrid, and
the peak-valley difference of the grid electricity price cannot be used to reduce the cost.

(2) Improve energy management strategies

It can be seen from Figs. 4a and 4b that the improved EMS strategy combined with real-time
electricity price is significantly optimized for energy storage charging and discharging. In the two
periods of high electricity prices defined earlier, the battery SOC dropped significantly and was in
a state of rapid discharge.
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And observing the output of each unit of the system, it can be seen that in the two high electricity
price time periods, the wind and solar power generation is less than the load demand, but the battery
is full power generation, and under the premise of meeting the load, the surplus power is supplied
to the grid, which better responds to the improved energy management strategy set above, realizes
the arbitrage of peak and valley electricity prices, and reduces the interactive power cost between the
microgrid and the main network. During the trough period of electricity prices, the main network can
be dispatched as much as possible to meet the load of the microgrid and charge energy storage, which
can accumulate electricity for the subsequent period of high electricity prices.

Comparing Figs. 3 and 4, it can be seen that the traditional EMS only calls the battery for charging
when the photovoltaic output is greater than the load demand, while the EMS combined with real-
time electricity price improvement can call the battery to charge in advance when the electricity price
and load are low, and when the load and electricity price peak, it can reduce the grid power supply or
supply power to the grid to achieve the goal of reducing the cost of electricity.

Figure 3: (a) The output of each unit in the microgrid (b) Battery SOC and real-time electricity price
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Figure 4: (a) The output of each unit in the microgrid (b) Battery SOC and real-time electricity price

5.2 Comparison of Two Energy Management Strategies on Cloudy Day
(1) Traditional energy management strategies

It can be seen from Figs. 5a and 5b that cloudy days bring more uncertainty and random fluctu-
ations to PV power generation, reducing PV output. Observing the optimization and coordination of
energy storage by traditional EMS at this time, the SOC of the energy storage system fluctuates and
decreases throughout the day, and is always lower than the initial SOC. Within 2 time periods of high
electricity prices, the energy storage SOC remains almost constant. In the state of non-charging and
non-discharging, the difference between the load demand and the PV output is completely supplied
by the grid.
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Figure 5: (a) The output of each unit in the microgrid (b) Battery SOC and real-time electricity price

(2) Improve energy management strategies

It can be seen from Figs. 6a and 6b that during the trough period of load and electricity price (2000
–12000 s), when the photovoltaic has not yet generated electricity, the EMS is improved to dispatch
the power grid to supply power to the energy storage system, so that the SOC of the energy storage
system rises to the constrained SOC. Within 2 time periods of high electricity prices, dispatching
energy storage to run power generation at full power reduces the power supply from the grid to the
microgrid, reduces the cost of electricity interaction between the microgrid and the grid, and makes
better use of the benefits of the peak-to-valley difference in electricity prices. It can also be seen that
the improved EMS has a good optimal control for the SOC of the energy storage, which reduces the
frequent fluctuation of the SOC and reduces the life cycle cost of the energy storage.

Observing SOC changes under improved energy management strategies on sunny and cloudy days,
it was found to be almost identical. Analyzing the output of each unit in both cases, it is found that this
is in line with the proposed strategy for improving energy management. During the first period of high
electricity prices (0–0.2 × 104 s), the load demand is greater than the wind and solar output power, so
the battery is prioritized to discharge at full power, and the load demand is met, and the excess wind
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and solar power is sold to the main network. Then comes the first normal electricity price period (0.2
× 104–1.5 × 104), the wind and solar power is not enough to meet the load demand, purchase the
main grid power to meet the load and charge the battery at full power. In the second high electricity
price period (1.5 × 104–2.5 × 104), similar to the situation in the first high electricity price period, the
load demand is not met, the battery is prioritized to meet the load, and the rest of the wind and solar
are sold to the main network. At the end of this period, although the state of charge of the battery
has not reached the minimum, the electricity price returns to normal and the discharge still stops. The
rest of the tariff periods are similar to those described above and will not be repeated here. It can be
seen from the analysis that the real-time electricity price combined with the state-of-charge EMS has
a strong control effect on the microgrid and the battery, and the robustness is nice.

Figure 6: (a) The output of each unit in the microgrid (b) Battery SOC and real-time electricity price

It can be seen from Fig. 7a that on sunny days, under the traditional heuristic EMS, combined
with the improved EMS of real-time electricity price and the three modes without energy storage, the
electricity cost of the traditional EMS is 542.88 $, and the cost of the improved EMS is 381.51 $, the
maximum cost without energy storage is 601.25 $. Using the improved EMS combined with real-time
electricity price, compared with the traditional EMS, the electricity cost is reduced by 29.73%.
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(a)

(b)

Figure 7: (a) The cumulative cost on sunny day in three ways (b) The cumulative cost on cloudy day in
three ways

It can be seen from Fig. 7b that on cloudy days, the electricity costs of the microgrid in the three
cases of traditional heuristic EMS, improved EMS and no energy storage are 790.68 $, 628.80 $ and
836.72 $, respectively. Compared with the traditional EMS, the use of the improved EMS reduces the
electricity cost by 20.47%.

5.3 Optimal Configuration of the Battery
In microgrids, the power and capacity of energy storage configuration are related to economic

costs. This section optimizes battery configuration costs by adding the objective function described
above. Taking the rated power of the battery configuration as the decision-making variable, the
maximum operating time of 2 or 4 h stipulated by the policy of Gansu Province was selected for
optimal configuration. The initial configuration cost is 200 $/kWh, which translates to 0.055 $ per day
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based on the maximum battery life of 10 years. The microgrid cost explained in the previous section
plus the initial configuration cost of energy storage is the total cost, and the total cost of the initial
energy storage size is shown in Table 4. Under the proven and improved energy management strategy,
the optimization results of energy storage configuration of 2 and 4 h under sunny and cloudy weather
scenarios are analyzed. The results are shown in Figs. 8 and 9.

Table 4: The total cost of the initial energy storage size

Scenario Initial battery size Cost ($)

Sunny 400 kW/2500 kWh 519.01
Cloudy 400 kW/2500 kWh 766.30

(a)

(b)

Figure 8: (a) Optimized battery configuration on sunny days (b) Optimized battery configuration on
cloudy days
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(a)

(b)

Figure 9: (a) Optimized battery configuration on sunny days (b) Optimized battery configuration on
cloudy days

As can be seen from Figs. 8 and 9, under the improved energy management strategy, when the
full power run time of the battery is set to 2 h, the cost difference between sunny and cloudy energy
storage configurations is large, but the optimal energy storage power is the same as 225 kW. On a
sunny day, configuring a 225 kW/450 kWh battery in a microgrid can minimize the total operating
costs of the microgrid at 491.87 $. On cloudy days, distributing 225 kW/450 kWh of energy storage in
the microgrid can minimize the total cost of the microgrid at 739.08 $. When the full power run time
of the battery is set to 4 h, on sunny days, configuring a 150 kW/600 kWh battery in the microgrid
can minimize the total operating costs of the microgrid at 487.32 $. On cloudy days, distributing
200 kW/800 kWh of energy storage in the microgrid can minimize the cost of the microgrid at 734.59 $.



1652 EE, 2023, vol.120, no.7

The comparison chart and table show that whether on sunny or cloudy days, the cost of
configuring a 4-h battery is lower than that of a 2-h battery, and it is also lower than the cost of
the initial energy storage size. Although the initial capacity cost of configuring a 2-h battery is lower,
the cost of interacting with electricity due to short operating time in the microgrid in this study is
greatly increased. Configuring a 4-h battery can well meet the time requirements of the microgrid to
respond to real-time electricity prices. Considering the lack of clouds and rain in Gansu Province, a
150 kW/600 kW battery was selected as the optimal configuration for microgrid energy storage.

6 Conclusion

Aiming at the optimization problem of economic operation in wind-solar microgrid, this paper
establishes a model, takes the interactive electricity cost of microgrid and main network as the objective
function, proposes an improved energy management strategy based on real-time electricity price
combined with state of charge, and compares and analyzes the optimization configuration results
under sunny and cloudy days. The following conclusions are drawn:

(1) In the wind-solar-storage microgrid, the real-time electricity price combined with the state-
of-charge energy management strategy can coordinate the random fluctuations of wind power,
photovoltaics and loads, and can more intuitively reflect the optimal adjustment sequence of each
micro-source, and significantly improve the overall economic benefits of the microgrid;

(2) When the light conditions are insufficient, improving the energy management strategy can
optimize the charging and discharging of the energy storage system, reduce the frequent fluctuations
of the state of charge of the energy storage, overcome the shortcomings of the battery that weakens its
function according to the fixed charging and discharging rules, and realize the battery’s effect on the
main network.
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