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Abstract 

The purpose of this paper is to study the power management of a hybrid energy storage system in a DC 

microgrid. The energy storage system for microgrids is bound to face several challenges, such as a lack 

of conventional power sources and load imbalance. There are many losses in using household energy 

Management system (HEMS) that require a microgrid to optimize performance and extend hybrid energy 

storage systems. The hybrid energy storage system (HESS) incorporates a battery energy storage system 

(BESS) and a supercapacitor (SC) to cater to high energy and power demands. The HESS, with the 

proposed controller and energy management strategy (EMS), admits improved time response to sudden 

and slowly varying load demands, resulting in reduced battery stress and an improved battery life span. 

The challenges are to develop systems that can accurately predict energy usage, minimize losses, enhance 

the efficiency of the HESS, and improve the overall system cost. This ensures the reliability of the overall 

system. Hybrid energy storage systems (HESS), especially in the context of DC microgrids, have emerged 

as a workable solution to these problems. This article examines the idea of employing HESS for energy 

management in DC microgrids, emphasising its advantages, elements, and best practices. 
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INTRODUCTION 

Renewable energy resources (RER) are used in place of fossil fuel-based power facilities to minimize 

greenhouse gas emissions as a result of concerns about climate change and global warming. It may be 

challenging to manage, control, and defend distribution networks effectively because of the intrinsic 

erratic nature of major RERs, such as wind and solar power plants. A microgrid is a system composed 

of dispersed generators, various loads, energy storage systems (ESS), and a control unit. It develops in 

response to these complications. By using a communication system, a microgrid can work in tandem 

with the utility grid (grid-connected mode) to exchange electricity or autonomously (islanded mode) to 

provide neighborhood loads [1]. 

 

The instantaneous power generation and load 

circumstances in a freestanding microgrid 

determine the large variations in power flows in and 

out of ESS elements. Power exchanges within ESS 

can be broadly classified into two types: low-

frequency components, which include the natural 

behavior of RER; and high-frequency components, 

which include sudden surges in power demand or 

intermittent solar power generation on cloudy days. 

Low-frequency power exchanges demand high-

energy-density ESS components, but high-

frequency power exchanges often require ESS 

elements with a quick reaction time [2]. 
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Because the energy provided by renewable energy sources (RESs) such as wind and solar cells is 

dependent on the weather, the integration of RESs such as these is still a typical source of voltage swings 

in standalone direct current micro-grid (DCMG) systems. Energy storage devices (ESDs) are used in 

standalone microgrids to manage the balance between generation and load demand, address these 

problems, and enhance the power quality of the microgrid system [3]. An artificial neural network 

(ANN) controller was utilized to regulate the bidirectional DC/DC converter connecting the battery and 

DC bus in a freestanding microgrid that combines photovoltaic technology with a battery as an ESD to 

balance the demand-generation gap in the face of uncertainty. Because of its poor power density, the 

battery is under more stress even with the use of a quick ANN-based controller, making it unable to 

handle rapid swings in PV generation and load demand [4]. 

 

Currently, the control layer is the focus of most studies research. Little research has s been conducted 

on how the energy storage state of charge (SOC) and charge and discharge power constraints affect the 

best way to allocate energy storage capacity based on technical and economic variables [5]. Based on 

distinct goals, there are two categories of hybrid energy storage capacity allocation research: technical, 

aiming to guarantee system reliability, and economic, aiming to achieve system profitability. 

Meanwhile, the arrangement under the first two goals is not without its drawbacks. The subsequent cost 

of investment according to the Ragone curve of the energy storage component is considered from the 

perspective of the overall life cycle cost of an energy storage system. The scheduling cost model 

considers the battery capacity loss and sets the lowest scheduling cost per unit duration as the 

optimization objective. An energy storage system minimum capacity allocation model aimed at 

mitigating wind power variations in microgrids, a composite model of energy storage costs based on 

the total economic advantages of microgrids, and the effect of microgrid operating aims on the entire 

life cycle of energy storage is considered [6]. 

 

PROPOSED MODEL 

The DC microgrid architecture, shown in Figure 1, was examined in this study. Supercapacitors, 

batteries, and photovoltaic (PV) arrays constitute the system. A DC/DC converter connects these 

components to the DC bus. Power transmission is limited to the PV array on the bus, and power flow 

in the other direction is not permitted. The DC/DC converter connects the PV system to the DC bus. 

With the help of this converter, the microgrid’s PV-generated power of the microgrid can be effectively 

 

 
Figure 1. Model of energy management. 
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integrated. Bidirectional DC/DC converters connect the supercapacitor and battery to the DC bus. 

Charge and discharge of ESDs are made possible by these converters, which allow energy to flow in 

both directions. The batteries and supercapacitors that constitute the hybrid energy storage system 

(HESS) are linked to the DC bus through bidirectional DC/DC converters. This configuration allows 

for flexibility in microgrid management and power transmission. Buck-boost converters, also known as 

bidirectional DC/DC converters, are devices that allow power transmission in two modes: charging and 

discharging. When the batteries and supercapacitors are in charging mode, the converters allow 

electricity to flow to them from the PV system or other sources, allowing them to store energy. When 

the microgrid is in the discharging mode, the converters allow the batteries and supercapacitors to store 

energy to be released, powering the loads and other components. When the electricity produced by the 

photovoltaic source and the load demand inside the microgrid are out of balance, the system functions 

to preserve the balance. A microgrid uses energy storage components, such as batteries and 

supercapacitors, to fulfill the load demand and maintain a steady supply of electricity if it surpasses the 

amount of energy provided by photovoltaic cells. The extra energy will be used to charge the HESS if, 

on the other hand, the load demand is less than the energy generated by the PV source [7]. Storage for 

future use or balancing out variations in the microgrid's energy supply and demand permits the efficient 

exploitation of excess energy [8]. All things considered, the microgrid actively corrects energy 

imbalances by using energy storage components to compensate for shortfalls in power production or 

store extra energy for later use, guaranteeing optimal system stability and utilization. 

 

MODEL OF PHOTOVOLTAIC SYSTEM 

A photovoltaic (PV) system, [9] battery energy storage system (BESS), supercapacitor (SC), and 

power electronic converters constitute a DC standalone. The primary energy resource in the system that 

is intended to fulfill the greatest load demand during the day is the photovoltaic system. To deliver the 

net output power into the network and adjust the PV output power (mostly to track the maximum power 

point), a boost converter is employed [10]. With a separate DC-DC bidirectional converter for every 

storage source, the HESS is connected to a single DC bus. To balance any imbalances between 

generation and load, a HESS is used to control the DC voltage (Vdc) at the common DC connection 

[11]. There are two ways in which a DC-DC bidirectional converter can operate. There are two modes 

of operation: 1) charging mode when the power generation exceeds the load demand and 2) discharging 

mode when the generation falls short of the load need. The HESS described here can satisfy transient 

power fluctuations for brief periods, in addition to the typical power requirements for extended periods 

[12]. The photovoltaic cell for the equivalent circuit is shown in Figure 2. 

 

For Equivalent Circuits for Photovoltaic Cells 

The voltage-current characteristic equation of a solar cell [13], 

Module photocurrent 

𝐼𝑝ℎ = [𝐼𝑠𝑐 + 𝐾𝑖(𝑇 − 298)] ×
𝐼𝑟

1000
 (1) 

Here, 𝐼𝑝ℎ: photocurrent (A), 𝐼𝑠𝑐: short-circuit current (A), 𝐾𝑖: short-circuit current of the cell at 25°C 

and 1000 W/m2, T is the operating temperature (K), 𝐼𝑟: solar irradiation (W/m2). 

 

 
Figure 2. PV equivalent circuit. 
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Module reverse saturation current Irs: 

𝐼𝑟𝑠 = 𝐼𝑠𝑐/[𝑒𝑥𝑝(𝑞𝑉𝑂𝐶/𝑁𝑠𝑘𝑛𝑇) − 1] (2) 

Here, q: electron charge, = 1.6 × 10−19C; 𝑉𝑂𝐶: open-circuit voltage (V), Ns: number of cells connected 

in series, n: ideality factor of the diode,  :  oltzm nn’s const nt, = 1.3805 × 10−23 J/K. 

 

The module saturation current I0 varies with the cell temperature, which is given by 

𝐼0 = 𝐼𝑟𝑠 [
𝑇

𝑇𝑟
]

3
𝑒𝑥𝑝 [

𝑞×𝐸𝑔0

𝑛𝑘
(

1

𝑇
−

1

𝑇𝑟
)] (3) 

Here, Tr the nominal temperature = 298.15 K; Eg0 is the bandgap energy of the semiconductor, = 1.1 eV; 

The current output of the PV module is: 

𝐼 = 𝑁𝑝 × 𝐼𝑝ℎ − 𝑁𝑝 × 𝐼0 × [𝑒𝑥𝑝 (

𝑉

𝑁𝑠
+𝐼×

𝑅𝑠
𝑁𝑝

𝑛×𝑉𝑡
) − 1] − 𝐼𝑠ℎ (4) 

with 

𝑉𝑡 =
𝑘×𝑇

𝑞
 (5) 

and 

𝐼𝑠ℎ =
𝑉×

𝑁𝑝

𝑁𝑠
+𝐼×𝑅𝑠

𝑅𝑠ℎ
 (6) 

Here: 𝑁𝑝: number of PV modules connected in parallel; 𝑅𝑠: series resistance (Ω); 𝑅𝑠ℎ: shunt 

resistance (Ω); Vt: diode thermal voltage (V). 

 

MODEL OF SUPERCAPACITOR 

The application of SC would cause problems with power quality and thermal stability when dealing 

with loads that fluctuate and require more immediate power. Including SC helps to enhance and 

alleviate most of these challenges. This method establishes shifting loads using controlled switches to 

link several power loads in parallel. The ordinary capacitor and BESS were connected via a 

supercapacitor (SC). Because of its small capacitance (a few hundred farads) and fast reaction time, SC 

is a good choice for temporary applications. Supercapacitors are high-density power-storage devices 

that can be used to increase the current required by induction machines when turned on. Therefore, they 

cannot be used independently because of their poor energy densities. Hence, they are suitable for use in 

BESSs. Despite the low voltage of most SCs, when they are employed in situations where the voltage 

level is higher than that of a single capacitor, they must be connected in series. The SC is connected in 

parallel to increase potential energy storage [14]. 

 

Modeling, evaluation, and simulation of an SC module for energy system (ES) application 

𝜂𝑒𝑓𝑓 = 𝑒
−

2𝑅𝐸𝑆𝑅𝐶𝑇𝑂𝑇𝐴𝐿
𝑡𝑑𝑐ℎ  (7) 

where 𝜂𝑒𝑓𝑓: energy efficiency, 𝑅𝐸𝑆𝑅: total equivalent series resistance, 𝐶𝑇𝑂𝑇𝐴𝐿: total capacitance, 

𝑡𝑑𝑐ℎ: discharge time. 

𝑉𝑐(𝑡) = 𝑉𝑜𝑒
−

𝑡

𝑅𝑇𝐶𝑡𝑜𝑡𝑎𝑙 (8) 

and 

𝑣(𝑡) = 𝑣𝐶(𝑡) + 𝑣𝑅𝐸𝑆𝑅
(𝑡) (9) 

where 𝑉𝑐(𝑡): voltage of the supercapacitor, 𝑉𝑜: voltage at the initial condition, and t is time. 
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So that, voltage V(t) 

𝑉(𝑡) = 𝑉𝑜 (1 +
𝑅𝐸𝑆𝑅

𝑅𝑇
) 𝑒

−
𝑡

𝑅𝑇𝐶𝑡𝑜𝑡𝑎𝑙 (10) 

Voltage discharge ratio 

𝑑 =
𝑣(𝑡)

𝑉𝑜
= (1 +

𝑅𝐸𝑆𝑅

𝑅𝑇
) 𝑒

−
𝑡

𝑅𝑇𝐶𝑡𝑜𝑡𝑎𝑙 (11) 

And solving for the discharge time from the above equation 

𝑡𝑑𝑡 = −(𝑅𝐸𝑆𝑅 + 𝑅𝐿𝑜𝑎𝑑)𝐶𝑡𝑜𝑡𝑎𝑙𝑙𝑛 [
(𝑅𝐸𝑆𝑅+𝑅𝐿𝑜𝑎𝑑)

2𝑅𝐸𝑆𝑅+𝑅𝐿𝑜𝑎𝑑
] (12) 

Where, 𝑅𝐿𝑜𝑎𝑑 is a function of voltage(v) because the current(i) during discharging was set to be constant. 

 

MODEL OF BATTERY ENERGY STORAGE SYSTEM 

Owing to the sporadic nature of renewable energy sources, times when solar energy production is 

low or nonexistent require the use of a battery storage system. Battery storage systems are used in 

combination with solar PV systems to reduce the uncertainty surrounding the availability of renewable 

energy sources [15]. The energy stored in the battery system can be used to provide the necessary power 

during peak and non-peak hours. The dependability and stability of microgrid power systems will be 

improved by the battery storage system, which will also balance out the effects of power fluctuations 

from available renewable energy sources. The battery efficiency and performance are contingent upon 

several factors, such as the surrounding temperature, charge level, voltage fluctuations, and charging 

and discharging rates [16]. Battery durability was also determined by these variables. However, the 

effects of these variables vary according to battery type. Lithium-ion batteries were utilized in this study 

because of their long lifespan and superior efficiency compared to other battery types [17, 18]. 

𝑉 = 𝐸0 − 𝐾 (
𝑄

𝑄−𝑖𝑡
) 𝑖 − 𝑅0 ∙ 𝑖 + 𝐴 ∙ 𝑒(−𝐵∙𝑖𝑡) (13) 

Here, 

E0 represents the open-circuit voltage of the battery at full capacity (V). 

K is the polarization resistance coefficient (Ω); 

Q is the battery capacity (Ah); 

i is the battery current (A); 

𝑅0 is the internal resistance (Ω); 

it = ∫ idt is the removed charge (Ah); 

A and B are empirical constants (V), (1/Ah). 

𝑉 = 𝐸0 − 𝐾 (
𝑄

𝑄−𝑖𝑡
) 𝑖∗ − 𝐾 (

𝑄

𝑄−𝑖𝑡
) 𝑖𝑡 − 𝑅0 ∙ 𝑖 + 𝐴 ∙ 𝑒(−𝐵∙𝑖𝑡) (14) 

𝑉 = 𝐸0 − 𝐾 (
𝑄

𝑖𝑡−0.1𝑄
) 𝑖∗ − 𝐾 (

𝑄

𝑄−𝑖𝑡
) 𝑖𝑡 − 𝑅0 ∙ 𝑖 + 𝐴 ∙  𝑒(−𝐵∙𝑖𝑡) (15) 

𝑉𝑓𝑢𝑙𝑙 = 𝐸0 − 𝑅0 ∙ 𝐼 + 𝐴  (16) 

𝑉𝑒𝑥𝑝 = 𝐸0 − 𝐾
𝑄

𝑄−𝑄𝑒𝑥𝑝
(𝑄𝑒𝑥𝑝 + 𝐼) − 𝑅0 ∙ 𝐼 + 𝐴 ∙ 𝑒(−𝐵∙𝑄𝑒𝑥𝑝)  (17) 

𝑉𝑛𝑜𝑚 = 𝐸0 − 𝐾
𝑄

𝑄−𝑄𝑛𝑜𝑚
(𝑄𝑛𝑜𝑚 + 𝐼) − 𝑅0 ∙ 𝐼 + 𝐴 ∙ 𝑒(−𝐵∙𝑄𝑛𝑜𝑚) (18) 

𝐸0 =
𝐸𝑒𝑥𝑝𝐶𝑛𝑜𝑚−𝐸𝑛𝑜𝑚𝐶𝑒𝑥𝑝

[(1−𝑒(−𝐵∙𝑄𝑛𝑜𝑚))𝐶𝑒𝑥𝑝−(1−𝑒−3)𝐶𝑛𝑜𝑚]
 (19) 

𝐾 = 𝐸0 (
1−𝑒−𝐵∙𝑄𝑒𝑥𝑝

𝐶𝑒𝑥𝑝
) +

𝐸𝑒𝑥𝑝

𝐶𝑒𝑥𝑝
 (20) 
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𝐴 = 𝑉𝑓𝑢𝑙𝑙 − 𝐸0 + 𝑅 ∙ 𝑖 (21) 

𝐵 = {

2

𝑄𝑒𝑥𝑝
, 𝑓𝑜𝑟 𝐿𝐹𝑃 𝑐𝑒𝑙𝑙

4

𝑄𝑒𝑥𝑝
, 𝑓𝑜𝑟 𝑁𝑀𝐶 𝑐𝑒𝑙𝑙

 (22) 

 

CONCLUSION 

In conclusion, maximizing performance, prolonging battery life, and lowering overall system costs 

depend on the power management of a HESS in a DC microgrid. To accomplish these objectives, it is 

necessary to integrate microgrids powered by renewable energy, hybridize storage devices, and 

accurately estimate energy consumption. Reduce energy losses in future research by utilizing energy 

storage system prediction data to minimize the total cost of the system. 
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