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Abstract. The power flow control systems play a significant role in DC 
microgrids with photovoltaic inputs to supply the load with continuous 
power. The output power of the photovoltaic modules could experience a 
decline due to fluctuations in solar irradiation and temperature, which 
necessitates the use of batteries and the utility grid to reduce the negative 
effects of undesirable variations. However, an efficient control strategy is 
necessary to ensure an uninterrupted energy supply to the load units. This 
paper proposes an improved control of energy flow based on a State-of-
Charge battery power estimation technique using the Coulomb counting 
method. By accurately estimating the available power from the batteries 
using the State-of-Charge technique, the microgrid is able to determine to 
assess if it requires to switch to the grid when the power output from 
photovoltaic modules is insufficient to meet the load demand. The proposed 
method also eliminates the need for DC bus voltage level-based approaches 
to charge or discharge the batteries with the advantages of the significant 
reduction in DC bus voltage variations. The simulation results of the 
proposed approach show that it provides satisfactory control performance to 
meet the load demand.  

1 Introduction 

DC microgrid energy storage and control systems have become increasingly important as a 
means of providing reliable and sustainable power supply in various applications, such as in 
remote areas, electric vehicles, and smart buildings. The DC microgrid comprises a network 
of interconnected power sources, storage devices, and loads that operate at low DC voltages 
[1, 2]. The simple structure of the DC microgrid is shown in Figure 1. The microgrid can 
operate independently or can be connected to the main power grid [3]. Energy storage and 
control systems play a crucial role in DC microgrids by ensuring the continuous power supply 
to the loads, regardless of changes in the power supply or demand [4-7]. The primary function 
of energy storage systems is to store excess power when it is available and release it when 
there is a shortage. Control systems, on the other hand, manage and coordinate the operation 
of the different components in the microgrid to ensure optimal performance and efficiency. 
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Fig. 1. Simple DC microgrid model. 

The integration of renewable energy sources, such as solar PV and wind power, in DC 
microgrids has provided an opportunity to reduce carbon emissions and promote sustainable 
energy use. However, the variable nature of these energy sources presents a challenge in 
maintaining a stable power supply to the load [8, 9]. To mitigate this challenge, energy flow 
control systems are employed to balance the power supply and demand in the microgrid. 

Several strategies are developed to achieve efficient power delivery to the load. In recent 
times, numerous authors have employed the Kalman filter (KF), a robust algorithm, for 
estimating the State of Charge (SoC). However, this approach faces a significant limitation 
in that a suitable battery model is required for the KF to operate effectively [10]. The energy 
management of the DC microgrid can be considered either in autonomous or grid-connected 
modes. Although the autonomous mode is useful where the grid power is not available, DC 
microgrids with utility grids can perform efficiently to compensate for the possible power 
fluctuations in PV modules and batteries. However, many existing grid-connected DC 
microgrids do not have an efficient switching strategy to the grid, since the grid power usage 
must be minimized to minimize energy cost [11, 12]. DC bus signalling methods are one of 
the prominent methods employed in battery management systems to control the charging and 
discharging of the battery units. In the DC bus signalling method, the DC bus voltage 
determines the charging or discharging of the battery units [13, 14]. Noise and interference 
susceptibility, low interoperability and compatibility, limited transmission distance and low-
speed communication are the primary disadvantages of this method. 

The primary aim of the paper is to develop an efficient power flow control system for DC 
microgrids to reduce the shortcomings of the above-mentioned methods. 

2 System modelling 

To create an efficient energy control system, the internal power flow structure of the DC 
microgrid must be understood.  
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2.1 PV modules to DC bus connection  

To extract maximum power from the PV modules, MPPT trackers are employed. MPPT 
controllers are electronic devices used to optimize the power output of photovoltaic solar 
panels. The maximum power point (MPP) is the point at which a solar panel operates at its 
maximum power output. MPPT controllers track the MPP of the solar panel and adjust the 
voltage and current to maintain it at this point. It increases the efficiency of the solar panel, 
enabling it to produce more power. MPPT controllers are commonly used in both off-grid 
and grid-connected solar systems to charge batteries, power electrical loads, and feed excess 
power back into the grid. For higher efficiency, the Moth-Flame optimization-based MPPT 
controller is employed in the modelling of the DC microgrid [15]. 

2.2 Battery pack to DC bus connection   

The process of connecting a battery pack to a DC bus involves establishing both electrical 
and physical connections between these two components. A battery pack consists of multiple 
battery cells linked together to provide a specific voltage and capacity, while the DC bus 
serves as a distribution system that connects various components within a system. To ensure 
a safe and efficient connection between the battery pack and the DC bus, a power electronics 
interface is utilized. This interface employs bidirectional converters, allowing energy to flow 
in two directions: from the battery pack to the DC bus and vice versa. In the modelling of DC 
microgrids, the bidirectional SEPIC-ZETA converter is commonly used as it enables the 
charging or discharging of the batteries without requiring a change in the DC bus voltage. 

 

Fig. 2. Bidirectional SEPIC-ZETA converter. 

The bidirectional SEPIC-ZETA converter, depicted in Figure 2, contains the following 
components: 

• 𝑉  and 𝑉  are the battery voltage and DC bus voltage, respectively. 

•𝐶 , 𝐶  are the capacitors,  

•𝐿 , 𝐿  are the inductors,  

• 𝑄  and 𝑄  are transistors,  

• R is the load resistance.  

The bi-directional SEPIC-ZETA DC-DC converters are equipped with two switching 
transistors that allow the power to flow in two directions. These converters can be used for 
battery charging and discharging modes in the DC-DC converter mode.  

During battery discharge mode (mode 1), the bi-directional SEPIC-ZETA converter is 
utilized to transfer the stored energy from the batteries to the DC bus. In this mode, the 
converters act as a SEPIC converter by switching 𝑄  transistor off, and activating 𝑄  
transistor. The average dynamic model of the SEPIC converter is constructed with the 
following equations: 

3

E3S Web of Conferences 404, 03001 (2023)
EEPES 2023

https://doi.org/10.1051/e3sconf/202340403001



𝐿 𝑉 1 𝐷 𝑉 𝑉  ; (1) 

𝐿 𝐷𝑉 1 𝐷 𝑉  ; (2) 

𝐶 1 𝐷 𝑖 𝐷𝑖  ; (3) 

𝐶 1 𝐷 𝑖 𝑖 , (4) 

where 𝑖  is the current through the inductor 𝐿 , 𝑖  is the current through the inductor 𝐿 , 
𝑉  is the voltage across the capacitor 𝐶 , 𝑉  is the voltage across the capacitor 𝐶 , 𝑉  is 
the battery voltage, R is the load resistance, D-duty-cycle corresponding to the on the state 
of the transistor, 1-D is the duty cycle corresponding to the off state of the transistor. 

During battery charging mode, the bi-directional ZETA converter is activated and charges 
the batteries using the DC bus power. In this mode, the converter operates in ZETA mode, 
and transistor 𝑄   is activated, while transistor 𝑄  is closed.  The average dynamic model of 
the ZETA converter is constructed with the following equations: 

2.3 VSC Connection  

The G-VSC (Grid-Connected Voltage Source Converter) is responsible for managing power 
transfer between the main grid and the DC microgrid. Its primary function is to regulate the 
voltage of the DC link to the desired level. When there is a power shortage in the network, 
the G-VSC controller generates signals to import power from the main grid. Conversely, in 
situations of excess power, the G-VSC exports power to the utility while ensuring that the 
DC link voltage remains stable. However, the maximum current capacity of the G-VSC is 
limited by the converter controls at its nominal value. This limitation restricts the G-VSC's 
ability to effectively regulate the DC bus voltage in the grid-connected mode of operation. 

2.4 Battery SoC estimation  

The State-of-Charge (SoC) of a battery refers to the current level of its capacity, represented 
as a percentage of its maximum capacity. It is a crucial metric used to measure the amount 
of energy stored in the battery relative to its full capacity. SoC plays a vital role in battery 
management systems as it helps to determine the remaining energy available and the rate at 
which the battery can be charged or discharged. The general mathematical formula for SoC 
is the following: 

𝑆𝑜𝐶 𝑡 =  100%, (8) 

where 𝑄  and 𝑄  are the capacity of the battery packs. 

𝐷 +(1-D) ; (5) 

𝐷 ; (6) 

𝐷 (1-D) . (7) 
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The Coulomb calculation method is based on the available battery capacity, the number 
of charges entering and leaving the battery [11].  

𝑆𝑜𝐶 𝑡 𝑆𝑜𝐶 𝑡
1

𝑄
𝜂𝐼 𝑡 𝑑𝑡, (9) 

where,  
𝑆𝑜𝐶 𝑡  is the initial SoC, 
𝐼 - is battery current, 
𝜂  efficiency of the battery (between 0 and 1). 
 
The precision of the measurement method provided relies heavily on accurately 

determining the battery's current and initial state of charge (SoC). By obtaining the initial 
charge value, it becomes feasible to calculate the battery's SoC by integrating the charge and 
discharge currents over a specific timeframe. However, it's important to note that the amount 
of charge discharged during charging and discharging is consistently lower than the 
accumulated charge in the battery. This implies the presence of energy losses during the 
charging and discharging process, which are characterized by the efficiency coefficient. 

The battery operates in three different modes: charging, discharging, and when there is 
no circuit connected, known as the open circuit mode. 

In the charging mode, the battery's voltage and current are provided through constant 
sources of current and voltage, respectively. By maintaining a constant charging current, the 
battery's voltage gradually rises and approaches the specified threshold. When charging the 
battery in voltage mode, the charging current initially decreases rapidly and then at a slower 
rate. Eventually, when the battery reaches full charge, the current value becomes 0.  

In the discharging mode, the voltage at the battery terminals gradually decreases over 
time. A higher current load leads to a faster decline in terminal voltage, resulting in a reduced 
duty cycle. By examining the relationship between the state of charge (SoC) and the 
discharge voltage at various current values, we can determine the initial SoC during the 
discharge period. 

In open circuit mode, the battery is disconnected from the load circuit. The open circuit 
voltage can be used to determine SoC. To find the current from (9). 

𝐼 𝑡 = .  𝑆𝑜𝐶 𝑡 . (10) 

 

The power can easily be calculated from (10). 

𝑃 . 𝑡 = .  𝑆𝑜𝐶 𝑡 . (11) 

3 Proposed control strategy of the energy storage system 

3.1 Proposed Power Flow Control Method 

DC microgrids receive the power from three primary types of the power sources. These 
power sources include the PV (photovoltaic) modules, battery packs and utility grid. The 
primary purpose of the power flow control is to deliver enough power to the load units. The 
proposed power flow control algorithm and structural diagram are given in Figure 3, and 
Figure 4, respectively. In the proposed algorithm, two types of switching states are assumed. 
When switching state is 1, the corresponding unit (PV, Battery or grid) is connected to the 
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load unit. When the state is 0, the corresponding unit does not supply the load. Regarding 
battery charging states, three states are defined; 1-charging, -1- discharging, 0-open circuit. 

 

Fig. 3. The proposed flow control algorithms. 

6

E3S Web of Conferences 404, 03001 (2023)
EEPES 2023

https://doi.org/10.1051/e3sconf/202340403001



 

Fig. 4. Power flow control structure. 

The proposed flow control employs the following procedures: 
First, total power from PV units ∑ 𝑃 , total power from battery units ∑ 𝑃 ., available 

grid power 𝑃 , total load power  ∑ 𝑃 . must be identified. 
If ∑ 𝑃  >∑ 𝑃 ., then PV modules are enough to supply the load with enough power 

without the need for battery and grid power. It is illustrated in Figure 5 where ∑ 𝑃  is 60W, 
while  ∑ 𝑃 . is 40 W. The operation numbers refer to the proposed algorithm in Figure 
3. In this case, battery units start charging until their SoC level is 95% to prevent 
overcharging. If the SoC level goes beyond the pre-defined threshold, battery units stop 
charging and the excessive energy is transferred to the grid. Exported energy to the grid is 
the following (12): 

𝑃 . ∑ 𝑃 . ∑ 𝑃 . . (12) 

 

Fig. 5. The states of the switches in the proposed algorithm for the operation 2, 3. 
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If ∑ 𝑃  <∑ 𝑃 ., then PV module output power cannot match the demand power, 
which necessitates the additional battery connection ∑ 𝑃 .. It checks the SoC level of the 
battery whether it is higher than 20%. If this condition is true, then the condition  ∑ 𝑃
∑ 𝑃 . ∑ 𝑃  is checked. If it is also satisfied then batteries are connected to the load 
and discharging process starts (state -1) until the SoC drops to below 20% . It is illustrated in 
the Figure 6 where ∑ 𝑃  is 30W, ∑ 𝑃 . is 80W , SoC=75%, while  ∑ 𝑃 . is 70W. 

 

Fig. 6. The states of the switches in the proposed algorithm for the operation 9, 10. 

If the battery SoC>20%, while ∑ 𝑃 +∑ 𝑃 . cannot deliver the demand power to 
load, then the utility grid is switched on to be connected to the load. PV modules, batteries 
and the grid is connected to the load. Batteries discharge in this mode. It is illustrated in the 
Figure 7 where ∑ 𝑃  is 30W, ∑ 𝑃 . is 30W, SoC=75%, available 𝑃 . 80W ,while  
∑ 𝑃 . is 70W. Imported energy from the grid is the following (13): 

𝑃 . ∑ 𝑃 . ∑ 𝑃 . ∑ 𝑃 . . (13) 

 

Fig. 7. The states of the switches in the proposed algorithm for the operation 13, 14. 

If the battery SoC<20%, then the utility grid is switched on to be connected to the load to 
contribute to the PV. Batteries are disconnected in this mode because of the low SoC level. 
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It is illustrated in the Figure 8 where ∑ 𝑃  is 30W, ∑ 𝑃 . is 30W, available 𝑃 .
80W ,while  ∑ 𝑃 . is 70W. 

Imported energy from the grid is the following (14): 

𝑃 . ∑ 𝑃 . ∑ 𝑃 . . (14) 

 

Fig. 8. The states of the switches in the proposed algorithm for the operation 18. 

It is possible that the grid power is not available or not enough. Under these circumstances 
all power sources are switched on (unless battery SoC<20%), then the system goes to the 
load shedding mode, in which low priority load units are disconnected until the total power 
of sources can meet the demand, at least, power of high priority loads. 

4 Conclusion 

In conclusion, this paper highlights the importance of power flow control systems in DC 
microgrids with photovoltaic inputs to ensure a continuous power supply to the load. An 
improved power flow control method of energy sources to the load unit based on a State-of-
Charge using Coulomb counting method is proposed to ensure an uninterrupted power 
supply. The bidirectional SEPIC-ZETA converter is chosen as an interface between the 
battery units and DC bus, as it allows charging and discharging of the battery units without 
the need for changing DC bus voltage.  The proposed approach ensures that the load 
consistently receives the required power, and grid power is used only when the estimated 
combined power from the photovoltaic units and batteries is under the load demand power.  
A working algorithm is designed and simulations are carried out. The simulation results of 
the proposed approach show that it provides satisfactory control performance to meet the 
load demand power and can be implemented in various DC microgrid applications to enhance 
their performance. Overall, the proposed approach is effective in meeting load demand power 
and can significantly improve the performance of DC microgrid systems. 
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