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Microgrids (MGs) are an integral part of smart energy systems. Hybrid renewable energy 

sources necessitate a trustworthy control strategy for optimal coordination and utilization 

of these systems. Improving Microgrid DC MG is the primary goal of this study, which 

focuses on power management in bidirectional DC-DC converters through the local 

control unit. Problems brought on by changes in power production and interruptions in 

load are examined. A hierarchical control strategy addresses these issues with primary 

layer droop control. This study aims to manage energy by examining variations in 

photovoltaic systems, batteries, and supercapacitors. Energy management efficiency is 

defined by the design of the control circuits and converters. Diagrammed. Responsiveness 

and absence of overshoot/undershoot show that the system is effective and resilient in 

handling DC MG local control problems, regardless of the load or generation conditions.  
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1. INTRODUCTION

Microgrids present a compelling alternative to transmitting 

power from distant generations, offering several advantages in 

design and implementation cost, dependability, and durability 

[1, 2]. Researchers and industrialists have increasingly focused 

on Low Voltage Direct Current (LVDC) microgrids due to 

their reliability, robustness, economics, power quality, and 

distribution efficiency [3]. While alternating current (AC) 

microgrids have their merits, direct current (DC) microgrids 

outperform them in supply loss, control algorithm complexity, 

dependability, and long-term viability [4]. 

An LVDC microgrid is typically constructed using 

Distributed Energy Resources (DERS) such as photovoltaic 

(PV) panels, wind turbines, diesel generators, and Hybrid 

Energy Storage Systems (HESS) like Battery Energy Storage 

Systems (BESS) and supercapacitors (SC), all connected to a 

DC bus. Integrating large-scale renewable energy sources is 

crucial for sustainable energy production, as they are 

environmentally beneficial and have an unlimited supply [5-

7]. However, their intermittent output raises extreme caution 

about meeting energy demands during non-production periods. 

Unfortunately, this approach contradicts the goal of 

minimizing fossil fuel usage, therefore, it is essential to fully 

appreciate the significance of renewable energy and prioritize 

increasing production and the share of the system load 

provided by renewables [8, 9]. 

Standalone renewable energy generation projects have been 

initiated, particularly in developing countries, to improve 

accessibility and address rural energy needs in an affordable 

and eco-friendly manner [10, 11]. Energy security is a 

significant concern, as price volatility in fossil fuels can 

disrupt supply. To mitigate this, local renewable energy (RE) 

solutions that diversify supply options and reduce reliance on 

imported energy are crucial [12]. The intermittent nature of 

renewable sources can pose stability challenges when they 

constitute a significant portion of the power grid. Energy 

storage systems (ESSs) are vital in enhancing system 

resilience and optimizing operational costs by reducing power 

fluctuations and providing flexible RE dispatch [13]. 

BESSs are often used in wind energy generation systems to 

balance demand during periodic variations [14]. Integrating 

ESSs with built-in virtual inertia can address demand 

mismatches, improper sharing, voltage management issues, 

and power quality concerns caused by renewables [9, 15]. 

Researchers have explored various techniques to improve the 

reliability of standalone renewable energy systems. Dynamic 

thermal rating systems and battery charge/discharge rate 

factors have been applied to address the reliability of wind 

energy systems [16]. Multiobjective optimization using 

evolutionary algorithms has been suggested for enhancing 

PV/wind power system dependability [17]. 

The recent focus has been on standalone renewable energy 

systems with HESS integration, aiming to create multi-energy 

storage systems to boost power production and lower 

microgrid costs [18, 19]. HESSs are critical in meeting urgent 

energy needs, with high power and energy densities being 

crucial factors [20]. Effective control techniques are essential 

to ensure battery longevity and prevent overcharging or deep 

discharge to meet energy storage demands. Combining 

batteries and supercapacitors in microgrids enhances 

performance during source variations and load changes [20]. 

Energy storage and intelligent control strategies made 

possible by microgrids offer a promising, sustainable, and 

reliable solution for energy distribution, management, 

uninterruptibility, and security. This is especially true for low-
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voltage, low-voltage microgrids. 

This paper proposes a hybrid PV-battery/supercapacitor 

multilayer control strategy to address various issues. The key 

features are: 

• A power exchange algorithm ensures tight balancing of 

the battery's state of charge (SoC). 

• Automatic control maintains the supercapacitor's SoC at 

an average value. 

• Prevention of battery overcharging and over-discharging, 

considering the relation between depth of discharge (DoD) 

and battery life cycle. 

• The distributed controller allows seamless integration of 

multiple Distributed Generators (DGS) like photovoltaic, 

supercapacitors, and batteries, along with loads, with 

minimal control loop adjustments. 

The paper's overview builds on the models presented in 

Section 2, depicting a DC microgrid system complete with 

ESS devices, constant power, and resistive loads. Section 3 

describes the proposed hybrid control strategy for the system. 

In addition, Section 4 presents the design of the bidirectional 

buck-boost converter for the ESS. Section 5 provides 

simulation results and discusses the proposed controller's 

performance. Finally, Section 6 concludes the paper and 

highlights the results and contributions achieved. 

 

 

2. PROPOSED DC MICROGRIDS  

 

Figure 1 illustrates the configuration of the DC microgrid 

analyzed in this study. The microgrid comprises various 

components, including a battery, a supercapacitor, a 

distributed generator, and a DC load, all interconnected to the 

DC bus. A power electronic converter links these sources and 

loads, facilitating their integration into the DC microgrid. The 

distributed generator fulfils the power demand of the DC loads. 

To maintain a steady state in the DC microgrid's power 

balance, the battery controller controls the charging or 

discharging of the batteries accordingly. On the other hand, the 

supercapacitor requires a control design strategy to supply 

variable power demands. 

 

 
 

Figure 1. Power flow of PV system with battery and 

supercapacitors as source and storage elements 

 

The proposed DC system's energy flow will be integrated 

with the AC network. The total power generated by the PV 

system and the storage system, consisting of the battery bank 

and supercapacitor bank, is determined as follows: 

dc PV BAT STP P P P= + +  (1) 

 

ST BAT SCP P P= +  (2) 

 

Therefore, the above system operates in three modes:  

Charging mode: The PV system generates more power 

than needed during charging. Excess energy charges batteries 

and supercapacitors. This mode efficiently stores surplus 

energy for later use, reducing waste and improving microgrid 

energy efficiency. 

 

PV LP P  (3) 

 

Discharge mode: Discharging occurs when load demand 

exceeds PV power. This mode releases battery and 

supercapacitor energy to bridge the gap and meet load 

requirements. This ensures a consistent power supply, 

improving microgrid reliability during low generation or peak 

demand. 

 

PV LP P  (4) 

 

Idle mode: PV power matches load demand in idle mode. 

This eliminates the need to charge or discharge the ESS. This 

balanced state maximizes power utilization, reducing storage 

system cycling and extending lifespan. 

 

PV LP P=  (5) 

 

This paper will examine all the above modes in the 

simulation results sections. Below, will discuss how simulated 

the battery, supercapacitors, distributed generator, and DC 

load. 

 

 

3. MODELLING OF THE LOCAL CONTROL LAYER 

IN DCMG 

 

3.1 DC MG control 

 

Dealing with the intermittent nature of distributed energy 

resources like PV, WTG (Wind Turbine Generator), and fuel 

cells, a typical MG also includes ESSs [10, 11]. Typically, 

these sources supply the system with DC electricity, though 

rectified AC power from WTGs is also possible [12]. By 

conforming to the IEEE Standard 1547, which regulates the 

interconnection and interoperability of distributed renewable 

energy resources, capping distributed renewable energy 

resources at 5% ensures that DC MG is an optimal energy 

coordination and management technique [13]. Hierarchical 

local and global control techniques have been developed [13, 

14]. A hierarchical control approach consists of three distinct 

layers of control: the primary or local layer, the intermediate 

level layer, and the outer or global layer. The local layer's 

mission is to ease the flow of authority between various DGSs 

to account for voltage fluctuations. The secondary level is 

designed to stabilize the system further, while the third stage 

focuses on controlling energy flow between microgrids (MGs) 

and the more extensive electrical system [12]. 

 

3.2 PV side control strategy 

 

The PV system supplies the DC Microgrid (DC MG) with 
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readily available DC power and serves as the primary source 

of the DC Microgrid (DC MG); it makes it so that DC 

electricity does not have to be converted into another kind of 

energy. Nevertheless, the regulation of voltage and power 

output in the photovoltaic (PV) system is lacking, hence 

lacking a guarantee of consistent adherence to the system's 

established criteria. [15]. Consequently, a direct connection to 

a common DC link (It means connecting direct current in one 

bus bar) is not possible unless DC-DC converters are utilized 

in the process. These converters have precise control because 

they are essential to stabilizing the DC bus. As shown in Eq. 

(1), the DC-DC converter operates in the droop mode and the 

maximum power point tracking (MPPT) mode. In the droop 

mode, the DC-bus voltage is adjusted to match the varying 

load, mainly when there is low power demand or the battery 

has been fully charged [16]. However, the MPPT mode will 

adjust to compensate for the power fluctuations even if the 

DC-link voltage is unstable. This model is frequently used in 

PV systems to ensure that the full potential of renewable 

energy sources [16, 17] is realized. Eq. (6) is an expression 

that can describe the output voltage of the droop-controlled 

converter. 

 

( ) max

min 

ipv

ref L Ppv

mppt

K
I I K soc SOC

sD

D soc SOC

  
− +   

  




 (6) 

 

where, IL represents the current output by the converter, Iref 

represents the reference value of that current, SOC represents 

the state of charge and its minimum and maximum values, and 

Dmppt represents the duty cycle when operating in MPPT mode. 

Furthermore, KPpv and Kipv indicate the parameters of the 

present controller in Figure 2. Eq. (6) demonstrates that 

voltage stabilization can be precisely regulated under varying 

operational situations by adjusting the battery's SoC threshold. 

 

3.3 Hybrid battery/SC side control strategy 

 

Energy Storage Systems (ESSs) are necessary to effectively 

satisfy load demand in the presence of intermittent Renewable 

Energy Sources (RES) such as photovoltaic and wind turbine 

generators. Including a battery storage system is necessary to 

regulate voltage and power balance inside the microgrid. In 

this investigation, the droop control method is applied to keep 

the DC-bus voltage stable while simultaneously guaranteeing 

the automatic charging and discharging of the battery [18]. 

It is possible to achieve efficient operation of the ESS by 

combining batteries and supercapacitors (SCs), which have a 

high power density but are less bulky than batteries. On the 

other hand, batteries have a high energy density but a lower 

power density, which limits the speeds at which they can 

discharge or charge [19, 20]. Batteries are primarily 

responsible for power generation in this context, whereas SCs 

manage transient fluctuations in localized load and deal with 

power peaks during unforeseen conditions [21]. The 

effectiveness of the microgrid was found to be significantly 

improved by integrating a hybrid energy storage system 

(HESS) in a variety of load and PV-generation configurations 

throughout this study. 

The SC collects high-frequency components, thereby 

reducing the load on the main battery and ensuring a healthy 

DC bus voltage level. Additionally, it serves as a safeguard for 

batteries against severe discharge and overcharging, 

effectively extending their service life [22]. 

As shown by Eqs. (7) and (8) that describe the energy-

generating structure of a hybrid battery/SC system: 

 

( )
 

bat

bat

i

b bref b a

K
I I K

s


 
= − +  

 

 (7) 

 

( ) sc

sc

i

sc scref sc P

K
I I K

s


 
= − + 

 
 (8) 

 

KaBAT and KiBAT represent the battery controller's parameters, 

and Ibref and Ib are nominal and actual battery currents, 

respectively. As shown in Figure 2, Kpsc and Kisc represent the 

parameters of the supercapacitor controller, while Isc and Iscref 

represent the SC current and its reference, respectively. Pulse-

width modulation (PWM) generators create switching pulses 

(SWb1 and SWb2) for the bidirectional battery converter and 

(SWsc1 and SWsc2) for the bidirectional supercapacitor 

converter based on the difference between the currents in each 

of the two sources. Pulse-width modulation (PWM) generators 

play a crucial role in the control strategy of a DC microgrid by 

regulating the voltage and current flow to maintain stable and 

efficient operation of the microgrid components. PWM 

generators achieve this by adjusting the duty cycle of the 

switching devices, such as MOSFETs, in power electronic 

converters. 

 

 
(a) 

 
(b) 

 

Figure 2. Proposed control strategy, (a) PV system, (b) 

hybrid storage system 
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4. DESIGN CONSIDERATIONS OF THE DC-DC 

POWER CONVERTERS 

 

In Figure 2, it can see the DCMG as it appeared in a 

MATLAB simulation. At this stage, it is required to establish 

the requirements of MGs in typical operation conditions, from 

which the specifications of PV arrays and hybrid batteries/SCs 

can be derived. It is also necessary to design DC-DC and 

bidirectional converters, considering the system's RESs, ESSs, 

and other needs. Accordingly, the design considerations of 

such converters are given in the following subsections to 

provide a clear understanding of designing converters for 

various MGs. 

 

4.1 Boost converter 

 

As a result of their simple design, durability, usability, and 

low cost, these converters find widespread employment in 

MGs [23]. These converters bring the PV system's output 

voltage up to spec and implement maximum power point 

tracking. Specifically, Eqs. (9) and (10) must be used to 

determine the ideal values for the inductor Lboost and the 

capacitance Cboost in order to optimize the converter's 

performance in the investigated Microgrid )MG ( [23, 24]. 

 

boost 

1

(1 )
L

2

O

S

V D D

I F

−
=

 
 (9) 

 

boost 2

boost 

(1 )
C

8 L

i

o s

V D D

V F

−
=

  
 (10) 

 

(1 )

i
o

V
V

D
=

−
 (11) 

 

L

o

o

p
I

V
=  (12) 

 

In this context, 𝐼𝑜  denotes the output current, and ∆IL 

denotes the ripple in the inductor current. The individual 

symbols for output power (PL), switching frequency (Fs), input 

voltage (Vi), duty cycle (D), and output voltage (Vo) with ripple 

(DVo) are defined. The critical values for DVo and ∆IL are 5% 

and 30% of the output current, respectively, as determined by 

Eqs. (11) and (12), respectively. In order to construct a boost 

converter that can supply power to the DC bus of the system, 

it is necessary to take all of these equations into account. The 

performance of the boost converter in a microgrid is highly 

dependent on the values of the inductor (Lboost) and capacitor 

(Cboost). Though it may be larger, more expensive, and slower 

to respond, a more significant inductor decreases current ripple 

and component stress. Although a larger capacitor enhances 

stability and decreases voltage ripple, it may also increase size 

and ESR, which impacts efficiency. For the converter to 

function optimally within the microgrid, it is necessary to 

optimize these values to balance current and voltage ripple, 

efficiency, and response time. 

 

4.2 Buck-boost converter 

 

Energy storage is essential to a solar power system. The 

MGs use a regular bidirectional DC/DC converter to regulate 

the charging and discharging of their batteries, depending on 

the system's state. The inductor LBAT and capacitor CBAT must 

be precisely determined using the following Eqs. (13) and (14) 

for the converter to function optimally [23, 24]. 

 

BAT

1

i
BAT

S

V D
L

I F


=
 

 (13) 

 

o
BAT

o s

I D
C

V F
=
 

 (14) 

 

(1 )

i
o

DV
V

D
=

−
 (15) 

 

In boost mode, Fs and D denote switching frequency and 

duty cycle, respectively, which can be calculated using Eq. 

(13). Vi and DBAT stand for battery voltage and converter duty 

cycle, respectively. Please take note that the rated output 

voltage (VO) and the output current (Io) must both fall within 

the 20% to 30% range, while the rated direct current voltage 

(DVo) is set to 5% of the rated direct current voltage (Vdc). 

These equations are necessary for the construction of a buck-

boost converter. The Buck-Boost converter uses pulse width 

modulation (PWM) as its pulse control technique; the 

produced signal is a square wave with perfect parameters that 

ensure the transistor's operation and the switching-off process. 

 

 

5. SIMULATION RESULTS AND DISCUSSION 
 

The load changes and solar irradiation fluctuations were 

simulated in various scenarios to validate the proposed 

method's efficacy in enhancing the performance of local 

control layers in the DC microgrid. The simulation setup 

included a PV array consisting of six panels, each rated at 

120.7 W, supplying 724.6 W, and a 14 Ah, 24 V battery with 

a 50% state of charge (SoC). The system also included a load 

rated at 48 V, 300 W, as detailed in references [25, 26]. 

Specific scenarios with load changes and solar irradiation 

fluctuations were created to assess the system's response. The 

load varied by 50%, 38%, and 32%, while solar irradiation 

fluctuated at intervals of 1.5s, 4s, and 6s, as indicated in Figure 

3. At the initial state (0s), the PV system generated 300W, 

which met the load demand, and any excess power was used 

to charge the battery to a safe SoC level. As the load demand 

increased to 450W, the PV generation remained constant at 

450W until 4s, leaving no surplus power to charge the battery 

during the 1s to 2s interval. 

These scenarios demonstrated significant variations in the 

DC-link voltage due to the fluctuations. At 1s, the voltage 

dropped dramatically, as shown in Figure 4, while at 4s, it 

peaked at 50.25 V when PV generation reached 625W. The 

bus voltage deviated unacceptably from the standard limit of 

5% during 1s, 3s, and 4s due to the different rates of increase 

in load demand at those times. These results indicate that the 

traditional control method struggles under varying operational 

conditions. 

Additionally, some undesirable ripples remained while the 

battery current closely followed the reference value, as 

illustrated in Figures 5-9. The system demonstrated 

unresponsiveness to induced disruptions, indicating issues 

with reliability and stability. These findings underscore the 

need for an improved control strategy to handle dynamic load 
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and solar irradiation changes effectively. These results and 

component ratings are referenced in the studies [25, 26]. 

 

 
 

Figure 3. Irradiation profile 

 

 
 

Figure 4. Voltage response under variable load and 

irradiance 

 

 
 

Figure 5. Power management of hybrid system based on 

variable load and irradiance 

 
 

Figure 6. The data demonstrates the nature of the response of 

PV current, load current, battery current, and supercapacitor 

current, respectively 

 

 
 

Figure 7. Battery current under variable load and irradiance 

 

 
 

Figure 8. The battery's state of charge (SoC) 
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Figure 9. The battery's state of charge (SoC) supercapacitor 

 

Using the proposed control strategy, the simulation results 

significantly impact real-world microgrid (MG) systems. The 

strategy improves stability and control by managing dynamic 

load changes and solar irradiation fluctuations, optimizing 

energy use and power flow. Scalability suggests suitability for 

various MG configurations and sizes. Complex control 

algorithms and multiple control layers make implementation 

difficult, requiring advanced hardware software and higher 

setup costs. Unresponsiveness to rapid fluctuations and battery 

current ripples indicate reliability issues, which could wear out 

components and increase maintenance costs. The control 

strategy must also withstand various environmental and 

operational conditions without compromising performance. A 

thorough cost-benefit analysis is needed to ensure economic 

viability due to the high initial costs of advanced control 

systems and components. Advanced monitoring and control 

hardware, robust software algorithms, and comprehensive 

training and maintenance programs are needed to manage and 

maintain the systems effectively. The strategy is promising, 

but its practical deployment requires careful consideration of 

complexity, cost, and reliability to optimize real-world 

performance. 

 

 

6. CONCLUSION 

 

In order to improve the functionality of the local control 

layer, this study focuses on implementing a droop control 

strategy in the DC microgrids based on HESS. The 

investigation covered a variety of load configurations as well 

as PV-generation configurations, intending to ensure accurate 

power transfer among Distributed Generators (DGS) and 

effective voltage regulation despite variations and fluctuations 

in the load. The proposed method maintains a stable 

relationship between the electrical current drawn from the 

battery and its reference value. In addition, the system's 

responsiveness has been significantly enhanced, making it 

capable of withstanding disturbances without suffering any 

power loss. The proposed approach allows for rapid voltage 

recovery while minimizing the time spent rising, overshooting, 

and settling; consequently, the system functions with 

increased reliability and stability, particularly when subjected 

to demanding operating conditions. This control strategy is 

effective and reliable for efficiently operating the DC 

microgrid with HESS. 
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