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This paper presents a battery charge control scheme for grid-connected microgrids, which are 
composed of renewable energy sources and battery banks. The proposed charge control strategy 
primarily aims to support utility grid in peak demand times and safe charge management of 
battery groups. In addition, battery charge control is related to economic benefits by providing 
stored renewable energy during inefficient hours of renewable energy generation. We proposed 
an adaptive neural fuzzy inference system to manage battery charging process. This system 
charges batteries from renewable energy sources in peak off times of energy demand and 
discharges the stored energy to support utility grid in peak times. Two renewable energy 
generation scenarios are simulated in Matlab/Simulink simulation environment to demonstrate 
effectiveness of the proposed method. In these scenarios, the cases of 1 kW solar panel system 
and 1 kW wind turbine integrated a domestic microgrid are tested. The simulation results show 
that the controller can achieve to support utility grid in peak demand times with energy cost 
benefits and keep battery charge state in healthy working conditions. 
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1. Introduction 
 

Energy demand is in growing trend all over the world. Nowadays, the majority of this 

demand is met from limited fossil fuel resources that have negative environmental effects. 

Renewable energy sources (RESs) are the most significant alternative for the fossil fuels 

since they are eco-friendly and inexhaustible resources. Furthermore, renewable energy 

(RE) systems can also be installed in small power scale; hence they are used to improve 

power quality and energy reliability anywhere in the world. RE systems, which may work 

in grid connected or stand-alone mode [1-3], require effective power management systems 

to ensure a balance between demand for electricity and the amount generated. Power 

management systems can reduce the cost of RESs by increasing the efficiency and solving 

conventional grid problems such as peak demand and voltage instabilities. 

Wind turbine and solar photovoltaic systems are widely used as RESs in both developed 

and developing countries since they can be installed easily. Electricity generation of wind 

turbine and solar systems has intermittent character, which depends on weather conditions 

such as wind speed, solar irradiance and temperature. Integration of energy storage devices 

to RE systems is a solution for reducing intermittency and fluctuation of the RE power 

generation. Energy storage devices can smooth short-term power fluctuations of wind 

turbines and solar systems [4-5], and eliminates disturbances and uncertainties during 

energy generation [6]. In addition, energy storage devices can charge the surplus energy of 

RESs when the amount of energy generated is greater than the amount of energy consumed, 
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and discharge the stored energy when the amount of consumption is greater. Thus, these 

devices support energy balancing process by supplying RE. With these benefits, storage 

devices will be widely used as an energy backup system in the near future to have more 

controllable, reliable and sustainable power grids.    

The distributed energy storage is more suitable than central energy storage for RE 

systems [7-9]. In the literature, Leadbetter and Swan [7] have presented the energy storage 

modelling consisting of batteries and chargers for residential peak demand shaving 

applications. The study determines the technical battery storage characteristics and 

examines the effects of peak shaving on residential consumers for five regions across 

Canada. Accordingly, the results of the study show that the peak demand reductions can be 

achievable between 28% and 49% in all Canadian regions with Li-on batteries (power 

capacities are 5 kWh (for four regions) and 8 kWh (for one region)).  Peak shaving 

applications can reduce peak time demand up to 60% and they are beneficial in terms of the 

cost minimization and carbon emission control [9].  In these applications, various control 

methods such as shuffled frog leaping algorithm [10], joint optimization [11], hierarchical 

control [12], model predictive approach [13] and sequential quadratic program [14] were 

used. These and other methods employed in battery charge control are summarized in a 

review study [15]. These methods generally control the battery charge and discharge times 

without considering charge power rate of the batteries. This control process can flow high 

charge power that causes overheat in electrolyte substance and decrease life of the battery 

[16]. This problem can be solved by using advanced power control methods to adjust 

charge and discharge power [17-20].  

This study presents a practical battery charge control strategy based on Adaptive Neural 

Fuzzy Interface system (ANFIS) for grid connected renewable energy microgrids. Primary 

control objective of ANFIS controller is to support utility grid in the peak times. The inputs 

of ANFIS controller are state of charge (SOC), dynamic power generation of RES and 

dynamic price coefficient. The proposed control system is simulated for a domestic 

microgrid with two domestic RES generation cases as follows: 1 kW solar panels and1 kW 

wind turbine scenarios, respectively. In the simulations, power profiles of solar panels and 

wind turbine are taken from the study of Leadbetter and Swan [16] and dynamic price data 

is taken from Energy Report in [21]. The controller determines two states of battery 

management that are utility support status of battery group for peak times and battery 

charge status of battery group for peak-off times. A current control block is used for 

sensitive charge power control to prevent high power injection from battery and utility grid. 

The proposed method has three advantages;  

(i) Dynamic price as a controller input improves cooperation between domestic 

microgrid and utility grid, (ii) allows sensitive charge/discharge power control and (iii) 

provides local peak demand reduction and cost benefits. These advantages are helpful to 

extend battery life and support of utility grid in peak demand times.  

The rest of this article is organized as follows: The domestic microgrid system 

configuration is introduced in the following section and the control strategy of the proposed 

method is presented in the 3rd Section. The simulation results are discussed in the 4th 

Section. The conclusions are summarized in Section 5. 
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2.  The system configuration 
 

Figure 1 shows block diagram of the proposed grid connected domestic microgrid with 

ANFIS battery control. This microgrid is composed of RES, a battery group, a charger, a 

controller and conventional power components. The RES and battery group are integrated 

on DC line so that the battery group can be charged directly from the RES. The RES and 

battery group support the utility grid via the charger. The charger includes power converters 

that are required for AC/DC and DC/AC power conversions. The DC/AC connected 

charger configuration allows charging of the battery group from the utility grid in the peak 

off or insufficient RES generation times. The power converters control the power flow 

according to responses of ANFIS controller. The controller has only one output, but this 

output can take negative and positive values. The negative values are called battery charge 

status and used by AC/DC power converter to adjust the charge power of battery, which is 

injected from the utility grid. The positive values are called utility support status and used 

by DC/AC inverter to adjust the grid support power injected from the RES and the battery 

group. Thus, a single controller output with negative or positive values prevents 

simultaneous operation of charger and discharger systems.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Block diagram of the proposed control method 

 

ANFIS controller has three inputs as price coefficient, SOC, and electric generation of 

RES. We assumed that inputs are obtained from the relevant power components via power 

line communication [22-23]. Therefore, additional line or wireless devices are not needed 

for communication of devices. The instant price data is received from utility grid to 

determine peak and peak-off times of utility grid by the controller. The dynamic price 

broadcast can be effectively used as a control signal in order to indicate total demand state 

of smart grid in a closed loop market control [24]. On the other hand, the SOC data is taken 

from the battery and the instant RES generation data is taken from the RES. The controller 

ignores instant house demand because local price coefficient is used instead of house 

demand to improve cooperation of microgrid and utility grid. Here, smart meter measures 

bidirectional power to protect consumer and utility cost benefits.  
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Figure 2 shows the Matlab/Simulink simulation model of the domestic microgrid. The 

model is composed of two blocks; control block and power block. The control block 

decides either power rate of battery charge or utility grid support according to the state of 

controller inputs. As briefly mentioned, the sign of output signal (positive or negative) 

determines battery charge or grid support status. When the output signal sign is negative, 

microgrid is in charge status which means that the battery group is charged from the RES. 

In this case, the AC/DC converter is active and the inverter is passive. When the output 

signal is positive, microgrid is in grid support status to maintain the utility grid from the 

RES and the battery. In grid support status, the inverter is active and the AC/DC converter 

is passive. The notation used throughout the paper is stated below.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. The Simulink model of the proposed control method 

 

Power block of the microgrid simulation model includes a RES, a battery group, a 

charger and conventional power components. In simulations, The RES model was 

configured to 1 kW maximum power capacity for solar or wind system, which is a suitable 

power assumption for domestic microgrid established in rural and urban areas. The battery 

group was configured to 5 kWh energy capacity. In the simulation model, diode and 

semiconductor switches are used to prevent reverse currents. Semiconductor switches are 

also used to prevent operation of the inverter and the rectifier blocks at the same time. The 

power converters in the models are controlled according to PWM technique as presented by 

Keles et al. [25]. Utility grid has conventional grid characteristics that are 240 V and 50 Hz. 

It is assumed that home electronics appliances have random energy demand.  

Battery health should be taken into account as another concern for battery management 

system. Otherwise, high rate charge or discharge power causes overheating in batteries, 

therefore it reduces battery life and increases battery cost. The proposed battery 

management method provides sensitive charge and discharge power dispatches to prolong 

the battery life. Current control technique is used for power control of converters and 

battery groups. The model of power control unit performs current control as depicted in 
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figure 3. The charge power value, which is calculated by controller, is divided by DC/DC 

chopper voltage value to obtain the charge current value. Charge voltage has a fixed value 

in general that is equal to total voltage of serial batteries. In this way, instant power of 

AC/DC converter can be precisely controlled by adjusting the converter current. This 

current control technique is also employed in the inverter to control the grid support power. 

 

 

 

 

 

 

 

 

Figure 3. Power control block used in AC/DC converter 

 

3. Control strategy of the system 

 

In this section, input membership functions of the proposed ANFIS controller are 

described for the aim of supporting utility grid in peak demand times. ANFIS is an 

adaptive, flexible, easy and effective method that can be used to solve nonlinear 

engineering problems [26-28]. ANFIS is a hybrid algorithm that is composed of neural 

networks and fuzzy logic system. Here, the neural networks are used to adapt a problem by 

determining optimum membership functions of the fuzzy logic. After adaptation process, 

fuzzy logic system is used to control operation of ANFIS. The overall output of ANFIS 

process can be written as follow. 
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i is neural node number, wi is output of each node and fi is node function. The data 

collection and the strategy of ANFIS controller are described below. 

 

3.1. Dynamic price coefficient and RES utilization 

 

In future smart grids, wide-area management and distributed control of demand response 

and generation response can be possible by delivery of dynamic energy price signal through 

grid [24-25]. Effective control signals in flexible grids where demand and generation can be 

adjusted according to dynamic electricity prices. Recent trends in smart grid applications 

aim to increase the demand for RESs and generation flexibility of electricity system by 

increasing dynamic energy price utilization. 

There are several distribution service operators in Turkey. These operators are 

responsible for maintenance of electric distribution grid. The operators have to buy more 

energy with high price during the peak demand periods; they need to dynamically adjust the 

energy price for consumers. Republic of Turkey Energy Market Regulatory Authority 

declares the price coefficient profiles of all Turkish distribution companies in every year 
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DC+
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[21]. The price coefficient profiles present daily power consumption for different sectors 

(Domestic, industry, shop, agriculture and street lighting) during a year. The examples of 

hourly domestic power coefficients for a day in the month of July and December are shown 

in figure 4.  These price coefficient curves belong to Bosphorus Electricity Distribution 

Incorporation, which is the largest electricity distribution company in Turkey. The price 

coefficient curves of weekdays and weekends are similar, but the demand in weekdays is 

higher than the demand in weekends. The peak power demand is approximately one and a 

half of the minimum demand in July and it is about double of the minimum demand in 

December. We utilize weekday’s profile for price coefficient data in simulations because it 

presents higher peak demand.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Domestic price coefficient profiles 

 

The use of dynamic price coefficient instead of dynamic domestic demand as a 

controller input improves incorporation of domestic microgrids and utility grid. In this way, 

domestic-micro grid can respond to overall demand states of the whole energy system. It 

can be explained as follows: Let’s use instant domestic demand for input data of domestic 

battery management. In this case, it is possible to use energy stored in the batteries to meet 

the high home demand while the grid energy is cheaper, even in peak off times. On the 

other hand, in the peak demand times, the stored energy cannot be used to support utility 

grid while home demand is low. As a consequence, the consideration of dynamic price 

coefficient by ANFIS controller provides awareness of global demand state and helps more 

appropriate utilization of battery systems. Thus, this control system can increase cost 
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benefit of domestic microgrid by selling stored energy for higher prices in peak demand 

times. 

Although power efficiency of solar and wind energy systems depends on their 

technologies such as material quality, energy harvesting methodologies, power converter 

design etc., they prone to hourly fluctuation in generation profiles due to changing weather 

conditions. In simulations, it is important to use real data to obtain realistic results from 

microgrid simulations. The experimental data for several renewable energy generation 

types were presented for Nova Scotia province [16]. The daily power profiles of wind and 

solar systems were measured and we used these data to represent generation capacity rates 

of these renewable energy systems in simulations.  

 

3.2. Battery charge management 

 

There are two states for battery operations, battery charge state and grid support state, 

which are determined according to the sign of ANFIS controller output. When the 

microgrid is in charge status, the battery can be charged from the grid and the RES. The 

charge power obtained from the grid (PCFG) is adjusted by the ANFIS controller. The 

controller increases PCFG as long as SOC, price and RES power are low. Battery charge 

power (PBC) in the charge status can be written as,  

 

  CFGRESBC PPP +=                                                   (2) 

 

Battery and RES can support utility grid in the peak demand times. The grid support 

power rate (PGS) is determined according to price, SOC and RES power. The PGS is 

increased by the ANFIS controller as long as price, SOC and RES are high. If SOC is low 

and price is medium, RES power is shared out between the battery and the grid support 

according to the ANFIS rules. The PBC in the grid support status can be written as,   

  

                            GsRESBC PPP −=                                                  (3)         

 

When grid support power is greater than RES power, the value of PBC becomes 

negative and ANFIS decides that the batteries support the utility with RES. When PRES is 

greater than PGS, the value of PBC is positive and ANFIS decides charging of batteries. 

 

3.1. Constraints 

 

In this study, training of ANFIS is performed to find an optimal output value to control 

the domestic microgrid for the aim of supporting utility grid in peak demand time. The 

training of ANFIS aims to obtain optimum membership functions of the fuzzy logic system 

according to three states of input parameters that are low, middle and high levels. One 

hundred different conditions were defined for training data and fifty different conditions 

were defined for test data. In our training season, fundamental considerations can be 

summarized as, 

(i) The SOC was limited between 20% and 90% in order to keep battery in healthy 

working conditions. In this manner, when the SOC goes under 20%, the batteries are not 
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discharged even if price is high. On the other hand, when the SOC is above 90%, the 

batteries are not charged even if RES is high.  

(ii) Another significant consideration to prolong the life of the batteries is that ANFIS 

controller limited charge/discharge power to prevent high rate charge/discharge power, 

which is harmful for chemical components of the batteries. 

(iii) Dynamic price coefficients were used to detect peak demand time of grid for ANFIS 

controller: Low dynamic price coefficients indicate to low state of grid demand and the 

controller gives priority to charge batteries until the SOC level is adequate for peak demand 

times. After the batteries reach sufficient SOC level, the RES power is completely directed 

to utility grid of home. When the price is mid-level, the power generated in RES is used to 

support utility grid, but if the SOC is low, the batteries can be charged from RES and utility 

grid. When the price is high, it means that the demand for electricity is in peak time, thus 

both the RES and batteries support utility grid and this can provide economic benefits for 

owner of the grid.  

 

4. Results and discussion 

 

The proposed method is tested for 1 kW PV system and 1 kW wind turbine system to 

analyse evolution of the proposed microgrid states during 48 hours of simulation time. In 

simulations, PV and wind power profiles taken from Reference [16] were used for full 

power and their halves are used for half power of the electricity generated from RESs. 

According to our simulation scenarios, RESs generates full power rate in the first day, and 

half power rate is provided in the second day by RESs to demonstrate plainly the operation 

of battery system for various renewable energy generation conditions. Price coefficient data 

obtained from Reference [21] was used to make simulations more realistic. The capacity of 

the domestic battery group was taken 5 kWh, which is suitable for utilization of domestic 

microgrids.  

Figure 5 shows the simulation results of the proposed model for the PV scenario, in 

which 1 kW PV system is used as a RES. Variation of SOC indicates charging and 

discharging phases of the battery as shown in figure5. The simulation results demonstrate 

that in peak-off time, ANFIS control charges the battery group from the utility grid and PV 

system. In peak demand times, it can support the utility grid. In the figure, the differences 

between power levels of the grid support (GS) and the PV show either the battery charge or 

discharge power. When power of PV is greater than the power of GS which is met from the 

PV and the remaining power of the PV charges the battery. In the case that PV power is less 

than the power of GS, the batteries help PV to supply the GS. In the peak demand time, GS 

is mostly supplied from the battery since the PV generation is not adequate or absent. The 

PV generation of the second day is as a half of the first day. Therefore, the SOC in initial 

peak time of the second day is lower than that of the first day. The comparison of the first 

and second days shows that the lower SOC decreases the total GS in the peak times. 

For applicability of system, grid connected costumers should be convinced to install 

such microgrid systems by promoting economic benefits in a short-term. Figure 6 shows a 

cost benefit analysis for the microgrid by using PV systems with batteries (PVWB) and 

without batteries (PVWoB). The cost benefits for PVWB and PVWoB cases are determined 

by multiplying of the instant price with GS power and PV power, respectively. The GS and 

PV results, which are shown in Figure 5, are used for both PVWB and PVWoB cases to 
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determine cost benefits of the systems. Power losses of converts and batteries are neglected 

because it ranges depending on their rapidly advancing technology. The cost benefit in 

PVWB has negative cost value in the initial time because the batteries were charged from 

the grid (CFG). In the mid-first day, the cost benefit of the PVWoB case is greater than the 

cost benefit of PVWB case because a portion of the PV power is used to charge the 

batteries. But, at the end of the first day, PVWB case began to present greater cost benefits 

since batteries support the grid in the peak time when the price is high and there is no PV 

generation. In the second day, PV system is assumed to generate the half of the power 

generated in the first day, so the batteries are used more for GS. Therefore, cost benefits of 

the PVWB are further increased at the end of the second day. This simulation results clearly 

demonstrate that battery system can increase the cost benefits of microgrids with 

fluctuating renewable sources. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. Simulation results for the PV system 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6. Cost benefit curves for the PV system 
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Figure 7 represents the simulation results for the wind scenario. Electric generation of 

the wind turbine is variable but continuous during the two days and hence it can support the 

grid in the peak demand times contrary to PV system. In the peak-off times, the batteries 

are charged from the utility grid and the RES, so charging power from the grid in case of 

wind turbine is lower compared to charging power from grid in case of PV. Furthermore, 

the presence of wind in peak time reduced battery utilization and increases GS in the first 

day. In the second day, the use rate of batteries is increased to meet GS in the peak demand 

time because the wind power was in the half level. Despite of the increased battery usage in 

the second day, the total GS power was lower than the first day’s. This result shows that 

power rate of RES generation increases the total GS power in the peak times. The ANFIS 

controller can manage to keep the SOC within the healthy working limits during the 

simulation time. As the wind power was generating electricity with full capacity in the first 

day, the SOC was kept under the upper limit and when the wind power was generating 

electricity with half of its capacity in the second day, the SOC remained over the lower 

limit.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7. Simulation results for wind turbine 

 

Figure 8 shows the cost benefit curves for wind turbines with batteries (WTWB) and 

without batteries (WTWoB). The cost benefit of the WTWoB is greater than the WTWB 

during the first day because the SOC is over 50% at the end of the first day, which means 

that the energy stored in the batteries isn’t completely used in the peak time. The wind 

power was half in the second day, so the batteries were used more to meet the GS power. 

Therefore, the cost benefit of the WTWB case is greater than the WTWoB case at the end 

of the second day. The total cost benefit of WTWB is about 620 units and the WTWoB is 

about 690 units in total at the end of the second day. These results indicate that the WTWB 

case is 11% more cost beneficial compared to the WTWoB case. This ratio (WB/WOB) is 

about 21% (460/380) in the PV system. It is observed that the proposed battery 

management method can provides more cost benefit for PV system.  
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Figure 8. Cost benefit curves for wind turbine 

 

Hybrid systems can be employed as an energy source in domestic microgrids. The 

proposed method was tested with a hybrid system which has 1 kW maximum power 

capacity containing 0.5 kW PV panels and 0.5 kW wind turbine. According to the results 

shown in Figure 9, hybrid system supports the grid in peak demand times with the energy 

charged in peak off times. In the peak times, the GS rate of hybrid system is better than the 

GS rate of the PV system owing to the electricity production from wind turbine. On the 

other hand, the proposed method keeps the SOC within the healthy working limits during 

the simulation time.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9. Simulation results for hybrid system 

 

The simulation results indicate that distributed RESs can be effectively utilized for 

supporting utility grid in peak demand time. PV system needs storage devices more than 

wind turbine system to support utility grid in peak times since electricity generation of PV 

system is possibly insufficient in this times. Wind turbine without a battery system can 
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support the grid in peak time; however, battery systems increase the support power rate 

especially when wind speed is inadequate. 

The proposed ANFIS controller can allow sensitive power control for the batteries by 

keeping the SOC within healthy working condition limits and preventing high charge 

power rate. The cost benefit curves show that the ANFIS controller also increases cost 

benefit of PV system and wind turbine. When investment costs of domestic microgrids are 

considered, these increases in cost benefit may not be sufficient for consumers to install 

these systems in order to support the grid in peak demand times. Therefore, the 

governments must encourage the grid connected customers by offering financial supports to 

install this system in residences. 

 

5. Conclusion 
 

This study presents a battery charge control method based on ANFIS controller to 

support utility grid in peak demand times. The variable price coefficient is used as a 

controller input to improve cooperation between the microgrid user and utility. Current 

control block is employed to provide sensitive charge power and protect the battery. The 

proposed model is analyzed for different RE system configurations such as PV and wind 

turbine. Simulation results show that proposed method can support utility grid in the peak 

times while keeping battery in healthy working conditions. Some important remarks can be 

given as follows: 

- Domestic microgrids including storage devices and RE systems can collaborate for 

peak shaving operation in peak demand hours.   

- ANFIS can control domestic microgrids to support utility grids in the peak time by 

keeping the SOC within healthy working conditions.  

- The current control mechanisms can prevent the high charge and discharge power, 

which causes overheating problem in batteries.  

-The use of price coefficient instead of dynamic home consumption as a controller input 

provides correspondence between domestic microgrid and utility grid for local peak 

demand reduction. 

- In domestic microgrids, wind turbine is more suitable than PV panels for grid 

supporting in the peak time since wind power generation can continue for 24 hours a day.  

According to the cost benefit analyses, the battery management method increases the 

cost benefits of PV systems and wind turbine systems by 21% and 11%, respectively. These 

rates may be insufficient to encourage the costumers to install the domestic microgrids. The 

financial incentives must be offered by governments to support installation of these systems 

in residential areas. 
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