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Abstract

Microgrids (MGs) are being deployed more extensively worldwide, as they represent the most viable solution for expanding energy access in energy-poor countries. Power loss is a fundamental factor to consider, as it directly impacts the overall efficiency and cost-effectiveness of the system. Power loss occurs in various microgrid components, including lines, converters, and power electronic devices. In the first stage, transmission line voltage droop and power losses were determined for different microgrid topologies. The second stage involved analyzing power losses across all converters (specifically switching and conduction losses) to determine the operational efficiency of each unit. The total power loss summation allowed for an evaluation of global microgrid efficiency, facilitating the identification of the optimal configuration. Furthermore, battery State of Charge (SOC) and Depth of Discharge (DOD) were analyzed across the different topologies, accounting for both ideal and loss-affected scenarios. The findings indicate that DC microgrids maintain a higher SOC, whereas AC configurations lead to a lower SOC; these variations in DOD directly impact the projected battery cycle life. In addition to MATLAB/Simulink simulations, HOMER Pro software was employed to perform design optimization and evaluate energy management strategies. This provided a comparative analysis of the economic feasibility across the proposed microgrid topologies.
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1 Introduction: The concept of microgrid
With the development of single- and three-phase transformers, alternating current could be transmitted over long distances at high voltages. Consequently, the lower cost of AC power distribution predominated, while DC systems persisted only in certain urban areas throughout the 20th century [1].
More recently, DC microgrids have become viable; the transition from AC grids to a distributed power world is expected to be rapid, driven by significant advantages in cost, efficiency, reliability, and system resilience [2, 3]. According to the International Renewable Energy Agency (IRENA), AC microgrids represented 95% of the global market in 2021, while DC microgrids held the remaining 5%. Several factors contribute to the dominance of AC systems, notably the widespread availability and relatively low cost of AC components. However, DC microgrids are gaining traction due to their inherent advantages, such as higher efficiency, greater flexibility, and improved reliability. As the cost of DC power conversion technology continues to decrease, a significant shift toward DC microgrid architectures is expected in the coming years [4].
Hybrid microgrids are currently the least deployed worldwide; however, they are under active development as they combine the advantages of both AC and DC systems. They offer superior resilience against extreme events, such as earthquakes and short circuits. In some cases, renewable energy systems are grid-connected for continuous energy injection. However, this topology faces security constraints due to the fluctuations in both consumption and renewable power generation. To mitigate these negative impacts, many countries have adopted energy tariffs that discourage permanent injection, instead favoring self-consumption.
Following this global trend toward photovoltaic (PV) energy, Tunisia has implemented specific programs to exploit its solar potential. Initially, the Tunisian PV market focused on rural electrification for populations unable to connect to the STEG (Tunisian Company of Electricity and Gas) network due to economic constraints [5]. Currently, approximately 13,000 rural households are equipped with 100 W kits for lighting and audiovisual needs. In total, about 1.4 MW was installed between 2000 and 2010, with an average annual growth rate of 7% [6].
In 2012, only 70 kW were installed, reflecting the limited remaining potential for this specific market, as 99.6% of the Tunisian population is already connected to the STEG grid. However, the concepts of self-production and self-consumption have gained significant momentum internationally. Consequently, the Tunisian regulatory framework for low- and medium-power photovoltaic installations has evolved remarkably, and administrative procedures have been streamlined [7].
To ensure power balance and optimize overall operation, a precise understanding of microgrid dynamics is essential. Previous research has demonstrated that accurate predictions of PV generation and load demand significantly influence optimization outcomes [8, 9]. This study focuses on evaluating power losses in both transmission lines and converters to minimize energy waste and optimize power flow. Furthermore, battery performance is a critical factor in microgrid efficiency and sustainability. Given that battery longevity is highly sensitive to the State of Charge (SOC) and Depth of Discharge (DOD), this study evaluates these parameters across various microgrid architectures. This analysis aims to pinpoint the optimal configuration for maximizing battery life while ensuring robust system reliability.
2 Microgrids classifications
Microgrids typically incorporate photovoltaic arrays, wind turbines, and battery storage to mitigate the intermittency of renewable generation. These systems operate in two distinct configurations: grid-tied, where interaction with the utility network enhances economic performance through bidirectional energy flow; and standalone, where the microgrid decouples from the main grid during outages to maintain power quality and reliability for essential services.
Depending on their coupling architecture, microgrids are categorized as AC, DC, or hybrid types. AC configurations typically utilize single-phase or three-phase buses, whereas DC microgrids are implemented through unipolar, bipolar, or ring topologies. Given the complexity of these structural variations, determining the most suitable architecture requires a multi-criteria analysis. This study focuses specifically on overall system efficiency as the decisive metric for benchmarking these configurations [10–12].
The efficiency of a microgrid depends on several factors, including power losses in transmission lines, converters, and energy sources. By considering these losses, the management system can be optimized, leading to improved overall performance and reliability.
2.1 AC microgrids
All energy sources supply power to the loads through an AC bus. Photovoltaic (PV) systems and batteries, classified as DC energy sources, require a DC/AC inverter to connect to the AC bus. In contrast, AC generators such as wind turbines and diesel generators can be directly linked to the AC bus Figure 1.
	[image: Thumbnail: Figure 1 Refer to the following caption and surrounding text.]	Figure 1 AC microgrid configuration.



2.2 DC microgrids
All energy sources supply power to the loads through a DC bus. Photovoltaic (PV) systems and batteries, being DC sources, connect directly to the DC bus without needing conversion. However, AC generators such as wind turbines and diesel generators require an AC/DC converter to integrate into the system. This topology uses fewer converters, which can reduce costs. A typical topology DC microgrid is shown in Figure 2.
	[image: Thumbnail: Figure 2 Refer to the following caption and surrounding text.]	Figure 2 DC microgrid configuration.



The control of converters in a DC microgrid is simpler compared to an AC microgrid, as there is no need to manage reactive power flow. Additionally, DC microgrid operation is easier because it does not require phase and frequency regulation.
2.3 Hybrid microgrids
Hybrid microgrids combine AC and DC networks using bidirectional converters. This design improves power quality by reducing unnecessary conversion stages. AC sources and loads connect to the AC bus, while DC components connect to the DC bus. The battery storage can be placed on either side, which makes energy management more flexible. Although this system is more complex and can increase power losses because of the extra converters, it has one major advantage: it keeps running even if a short circuit occurs on one of the buses [4, 13, 14].
The diagram of a hybrid microgrid is illustrated in Figure 3.
	[image: Thumbnail: Figure 3 Refer to the following caption and surrounding text.]	Figure 3 Hybrid microgrid configuration.



2.4 Microgrid power sharing
Three types of power (source, load, and battery) work together in a coordinated way to ensure the microgrid operates efficiently, remains resilient, and can effectively supervise renewable energy variability, load changes, and power reliability [15].
PV power system (Ppv) was provided by multiplying the product of total efficiency, the panel’s area APV (m2) and the solar irradiance Ir (W/m2) [16].[image: Mathematical equation: $$ {P}_{\textrm{PV}}={I}_r\times {A}_{\textrm{PV}}\times {\eta}_{\textrm{PV}}. $$](1)
The power produced by the wind turbine was obtained by applying the following equation [17, 18].[image: Mathematical equation: $$ {\displaystyle \begin{array}{c}{P}_{\textrm{WT}}=\frac{1}{2}\times \rho \times {A}_{\textrm{WT}}\times {\eta}_G\times {V}^3\times {C}_p\end{array}}. $$](2)
The state of charge of the battery power is determined by[image: Mathematical equation: $$ {\displaystyle \begin{array}{c}\textrm{SOC}\left(t+1\right)=\textrm{SOC}(t)-\frac{\eta_{\textrm{bat}}\times {T}_s}{C_{\textrm{max}}}\times {P}_{\textrm{bat}}(t)\end{array}}. $$](3)
Power losses in microgrid lines depend on the number of wires and the voltage level. Usually, more wires mean higher losses. While AC and DC microgrids use only two wires, hybrid microgrids require four. Similarly, the more converters a system has, the higher the power losses will be. By looking at the microgrid designs in Figures 1–3, we can optimize the layout to use fewer converters and improve energy efficiency.
2.5 Line power losses
The internal resistance of power sources can vary depending on the type of power source and its operating conditions, and the impedance of the lines connecting the power sources to the load can also contribute to voltage droop. Again, the impedance of a line depends on its length, material, and cross-sectional area. Finally, the current flowing through the microgrid influences the voltage droop [15].[image: Mathematical equation: $$ {\displaystyle \begin{array}{c}{V}_{\textrm{droop}\left(\textrm{DC}\right)}={R}_L\times {I}_{\textrm{DC}}\end{array}}, $$](4)[image: Mathematical equation: $$ {\displaystyle \begin{array}{c}{P}_{\textrm{loss}\left(\textrm{DC}\right)}=2\times \left(\frac{P^2}{{V_{\textrm{DC}}}^2}\right){R}_L,\end{array}} $$](5)[image: Mathematical equation: $$ {\displaystyle \begin{array}{c}{V}_{\textrm{droop}\left(\textrm{AC}\right)}={X}_L{I}_{\textrm{AC}}\cos \left(\theta \right)+{X}_L{I}_{\textrm{AC}}\sin \left(\theta \right),\end{array}} $$](6)[image: Mathematical equation: $$ {\displaystyle \begin{array}{c}{P}_{\textrm{loss}\left(\textrm{AC}\right)}=2\times \left(\frac{P^2}{{V_{\textrm{rms}}}^2\times \cos {\left(\theta \right)}^2}\right){R}_L,\end{array}} $$](7)

[image: Mathematical equation: $$ {R}_L=\rho \frac{L}{S} $$]; L represents the line length, S designates the cable cross-section, and ρ = 0.025 Ω·mm2/m is the resistivity of copper.

[image: Mathematical equation: $$ {X}_L=\lambda L $$]; λ = 0.08 mῼ/m is reactance of the copper line, is the impedance line phase factor.
The power loss in line equal to;[image: Mathematical equation: $$ {\displaystyle \begin{array}{c}{P}_{\textrm{loss}\left(\textrm{DC}\right)}=2\times \left(\frac{P^2}{{V_{\textrm{DC}}}^2}\right)\rho \frac{L}{S},\end{array}} $$](8)[image: Mathematical equation: $$ {\displaystyle \begin{array}{c}{P}_{\textrm{loss}\left(\textrm{AC}\right)}=2\times \left(\frac{P^2}{{V_{\textrm{rms}}}^2\times \cos {\left(\theta \right)}^2}\right)\rho \frac{L}{S}.\end{array}} $$](9)
In a DC system with a constant power load, the voltage droop depends only on the bus voltage level. This is different from an AC system, where the voltage droop is affected by the bus voltage and the load’s phase factor.[image: Mathematical equation: $$ {\displaystyle \begin{array}{c}\frac{P_{\textrm{loss}\left(\textrm{DC}\right)}}{{\textrm{P}}_{\textrm{loss}\left(\textrm{AC}\right)}}=\left(\frac{{V_{\textrm{rms}}}^2}{{V_{\textrm{DC}}}^2}\right)\cos {\left(\theta \right)}^2=\frac{1}{2}\cos {\left(\theta \right)}^2.\end{array}} $$](10)
The variation of this ratio is depicted in Figure 4.
	[image: Thumbnail: Figure 4 Refer to the following caption and surrounding text.]	Figure 4 Ratio evolution as a function of phase [image: Mathematical equation: $$ \theta $$].



A DC microgrid offers greater benefits by reducing transmission losses compared to an AC microgrid when both have the same peak voltage, as shown in equation (26) [19].
The theveinin model of hybrid microgrid combined the last two AC and DC models and it’s presented by Figure 5.
	[image: Thumbnail: Figure 5 Refer to the following caption and surrounding text.]	Figure 5 Hybrid microgrid Thevenin model.



In the hybrid microgrid case, the voltage droop and line power loss are equal to the superposition of AC branch and DC branch.[image: Mathematical equation: $$ {V}_{\textrm{droop}\left(\textrm{hybrid}\right)}={V}_{\textrm{droop}\left(\textrm{AC}\right)}+{V}_{\textrm{droop}\left(\textrm{DC}\right)}, $$][image: Mathematical equation: $$ {\displaystyle \begin{array}{c}{P}_{\textrm{loss}\left(\textrm{hybrid}\right)}=2\left(\frac{{P_{\textrm{AC}}}^2}{{V_{\textrm{rms}}}^2\times \cos {\left(\theta \right)}^2}\right){R}_L+2\left(\frac{{P_{\textrm{DC}}}^2}{{V_{\textrm{DC}}}^2}\right){R}_L.\end{array}} $$](11)
The hybrid line power loss equation can be rewritten as follows:[image: Mathematical equation: $$ {P}_{\textrm{loss}\left(\textrm{hybrid}\right)}={\alpha P}_{\textrm{loss}\left(\textrm{DC}\right)}+\beta {P}_{\textrm{loss}\left(\textrm{AC}\right)}. $$]
α, β are coefficients that represent the relative contributions of AC and DC power loss to the overall hybrid line power loss.[image: Mathematical equation: $$ {\displaystyle \begin{array}{c}\frac{P_{\textrm{loss}\left(\textrm{hybrid}\right)}}{{\textrm{P}}_{\textrm{loss}\left(\textrm{AC}\right)}}=\frac{\alpha }{2}\cos {\left(\theta \right)}^2+\left(1-\alpha \right).\end{array}} $$](12)
The evolution of the ratio is shown Figure 6.
	[image: Thumbnail: Figure 6 Refer to the following caption and surrounding text.]	Figure 6 Evolution of ratio with different phase factor and different load repartition.



This ratio shows that line power loss in hybrid microgrid is less than of an AC microgrid.
If α = 1, the hybrid line is essentially AC line. So, the line power loss will be increase to the maximum value.
If α = 0, the hybrid line is essentially a DC line and the line power loss will be decrease to the minimum value.
If α and β are both non-zero, then the hybrid line combines the advantages of both AC and DC lines.
2.6 Microgrids converters power loss
The power generation system integrates solar panels, wind turbines, and a battery bank to provide a sustainable energy source. To ensure efficient power management and distribution, several converter stages are utilized.
Within the DC microgrid, a boost converter interfaces with the solar panels to step up the voltage for system integration. The wind turbine utilizes a three-phase rectifier coupled with a second boost converter to facilitate energy sharing. Furthermore, a bidirectional converter is connected to the battery bank, allowing for seamless energy storage and demand-side management.
In the AC microgrid configuration, an inverter is integrated into each source to convert the DC power generated by the solar panels and wind turbines into AC power. This conversion ensures seamless compatibility with AC loads. Furthermore, the deployment of individual inverters at each source enhances the flexibility and adaptability of the microgrid (Fig. 1).
To achieve a more simplified and cost-effective architecture, a hybrid microgrid design is proposed where a central inverter is integrated into the DC bus. This configuration utilizes two distinct bus voltages to efficiently accommodate both types of loads (Fig. 3). Finally, a comprehensive analysis of the power losses associated with each converter stage is conducted to evaluate overall system efficiency.
3 Technical analysis
Power losses in a microgrid reduce overall efficiency and the amount of usable energy delivered to consumers. The resulting heat can damage components and raise maintenance expenses. Unchecked, these losses threaten grid stability. Therefore, the preceding part focused on modeling different microgrid topologies to assess voltage droop and power loss performance.
3.1 Model of AC and DC microgrids
Voltage droop is a phenomenon where the voltage at a specific point in a microgrid decreases as the load current increases. This droop can lead to several negative consequences, including reduced power quality, increased power losses, and decreased system stability.
The circuit diagram is designed with the assumption that all power supplies operate as constant voltage sources. In a DC microgrid, Voltage is regulated by a DC/DC converter, operating as an ideal buck or boost stage to step the voltage up or down [20]. In contrast, an AC microgrid utilizes a DC/AC converter (inverter) for voltage conversion, as illustrated in Figure 7.
	[image: Thumbnail: Figure 7 Refer to the following caption and surrounding text.]	Figure 7 Electrical schema for DC and AC microgrid.



The Thevenin voltage source and Thevenin impedance will be equal to:[image: Mathematical equation: $$ {\displaystyle \begin{array}{c}{E}_{\textrm{th}}=\frac{Z_{\textrm{th}2}{Z}_{\textrm{th}3}{E}_1+{Z}_{\textrm{th}1}{Z}_{\textrm{th}3}{E}_2+{Z}_{\textrm{th}1}{Z}_{\textrm{th}2}{E}_3}{Z_{\textrm{th}2}{Z}_{\textrm{th}2}+{Z}_{\textrm{th}1}{Z}_{\textrm{th}3}+{Z}_{\textrm{th}2}{Z}_{\textrm{th}3}},\end{array}} $$](13)[image: Mathematical equation: $$ {Z}_{\textrm{th}}=\frac{Z_{\textrm{th}1}{Z}_{\textrm{th}2}+{Z}_{\textrm{th}1}{Z}_{\textrm{th}3}+{Z}_{\textrm{th}2}{Z}_{\textrm{th}3}}{R_{\textrm{th}1}{R}_{\textrm{th}2}{Z}_{\textrm{th}3}}. $$](14)
The AC and DC microgrid Thevenin model is presented in Figure 8.
	[image: Thumbnail: Figure 8 Refer to the following caption and surrounding text.]	Figure 8 DC and AC microgrid Thevenin model.



3.2 Converters model
The efficiency of converters integrated into a microgrid can be affected by various factors, leading to variations in performance even under consistent operating conditions. Several key factors contribute to power loss in DC/DC converters:


Switching losses
: These losses arise from the switching process within the converter as the transistors repeatedly turn on and off. The switching frequency, as well as the voltage and current levels across the transistors, significantly impact the magnitude of these losses.


Conduction losses
: These losses result from the resistance of the internal components of the converter, such as transistors, inductors, and capacitors. The current flowing through these components generates heat, which dissipates as power loss [21].	power losses in the boost converter (Fig. 9)



	[image: Thumbnail: Figure 9 Refer to the following caption and surrounding text.]	Figure 9 PV boost converter electrical schema.



The Inductor conduction loss is calculated by:[image: Mathematical equation: $$ {P}_L={r}_L\ast {i^2}_{\textrm{PV}}(t), $$][image: Mathematical equation: $$ {i}_{\textrm{igpt}}=d\ast {i}_{\textrm{pv}}\kern0.5em \textrm{and}\ {i}_{\textrm{diode}}=\left(1-d\right)\ast {i}_{\textrm{pv}}. $$]
The power loss model of this converter is:[image: Mathematical equation: $$ {\displaystyle \begin{array}{c}\left\{\begin{array}{c}{P}_{\textrm{cond}-\textrm{igbt}}={V}_{\textrm{CE}0}\ast {i}_{\textrm{pv}}(t)\ast d(t)+{r}_{\textrm{CE}}\ast {i^2}_{\textrm{pv}}(t)\ast d{(t)}^2\\ {}{P}_{\textrm{cond}-\textrm{diode}}={V}_{\textrm{F}0}\ast {i}_{\textrm{pv}}(t)\left(1-d(t)\right)+{r}_{\textrm{F}}\ast {i^2}_{\textrm{pv}}(t)\ast \left(\Big(1-d{(t)}^2\right)\\ {}{P}_{\textrm{swit}-\textrm{igbt}}=\left({E}_{\textrm{on}}\Big(i\right)+{E}_{\textrm{off}}(i)\ast \frac{V_{\textrm{bus}}}{U_{\textrm{n}}}\ast f\\ {}{P}_{\textrm{swit}-\textrm{diode}}=\frac{1}{2}f\ast {V}_{\textrm{cc}}(t)\ast {Q}_{\textrm{rr}}\\ {}{P}_{\textrm{L}}={r}_{\textrm{L}}\ast {i^2}_{\textrm{PV}}(t)\end{array}\right\}.\end{array}} $$](15)
The energy efficiency of the PV boost converter is:[image: Mathematical equation: $$ {\displaystyle \begin{array}{c}{\eta}_{\textrm{pv}\ \textrm{boost}}=1-\frac{{\textrm{boost}}_{\textrm{power}\ \textrm{loss}}}{v_{\textrm{pv}}{i}_{\textrm{pv}}}.\end{array}} $$](16)
By the same means the power loss in the boost converter associated with the wind power is equal to:[image: Mathematical equation: $$ {i}_{\textrm{igpt}}=d\ast {i}_{\textrm{wind}}\kern1em \textrm{and}\kern1em {i}_{\textrm{diode}}=\left(1-d\right)\ast {i}_{\textrm{wind}}, $$][image: Mathematical equation: $$ {\displaystyle \begin{array}{c}\left\{\begin{array}{c}{P}_{\textrm{cond}-\textrm{igbt}}={V}_{\textrm{CE}0}\ast {i}_{\textrm{wind}}(t)\ast d(t)+{r}_{\textrm{CE}}\ast {i^2}_{\textrm{wind}}(t)\ast d{(t)}^2\\ {}{P}_{\textrm{cond}-\textrm{diode}}={V}_{F0}\ast {i}_{\textrm{wind}}\left(1-d(t)\right)+{r}_F\ast {i^2}_{\textrm{wind}}(t)\ast \left(\Big(1-d{(t)}^2\right)\\ {}{P}_{\textrm{swit}-\textrm{igbt}}=\left(a+b\ast {i}_{\textrm{wind}}(t)+c\ast {i^2}_{\textrm{wind}}(t)\right)\ast \frac{V_{\textrm{cc}}(t)}{U_n}\ast f\\ {}{P}_{\textrm{swit}-\textrm{diode}}=\frac{1}{2}f\ast {V}_{\textrm{cc}}(t)\ast {Q}_{\textrm{rr}}\\ {}{P}_L={r}_L\ast {i^2}_{\textrm{wind}}(t)\end{array}\right\}.\end{array}} $$](17)
The energy efficiency of the wind boost converter is:[image: Mathematical equation: $$ {\displaystyle \begin{array}{c}{\eta}_{\textrm{wind}\ \textrm{boost}}=1-\frac{{\textrm{boost}}_{\textrm{power}\ \textrm{loss}}}{v_{\textrm{wind}}{i}_{\textrm{wind}}}.\end{array}} $$](18)	Power loss in the battery converter



The Bidirectional DC/DC Converter (Fig. 10) manages battery energy flow by switching between two modes:
	[image: Thumbnail: Figure 10 Refer to the following caption and surrounding text.]	Figure 10 Battery converter electrical schema.



The Buck Mode (Charging): Steps down DC bus voltage to charge the battery when production exceeds demand. The Boost Mode (Discharging): Steps up battery voltage to support the load when renewable production is low.
The efficiency of this converter is calculated by equation (19).[image: Mathematical equation: $$ {\displaystyle \begin{array}{c}{\eta}_{\textrm{bid}\ \textrm{conv}}=\frac{\left({\eta}_{\textrm{buck}}+{\eta}_{\textrm{boost}}\right)}{2}.\end{array}} $$](19)	Power losses in the inverter



The inverter is used in AC and Hybrid microgrid, the electrical schema is shown in Figure 11.
	[image: Thumbnail: Figure 11 Refer to the following caption and surrounding text.]	Figure 11 Inverter electrical schema.



The total power loss in the switch is expressed as;[image: Mathematical equation: $$ {\displaystyle \begin{array}{c}{P}_{\textrm{tot}\ \textrm{loss}}={P}_{\textrm{igbt}.\textrm{loss}}+{P}_{\textrm{diode}.\textrm{loss}}+{P}_l.\end{array}} $$](20)
The power loss model of inverter is given by equation (21):[image: Mathematical equation: $$ {\displaystyle \begin{array}{c}\left\{\begin{array}{c}{P}_{\textrm{cond}-\textrm{igbt}}=2\ast \left({V}_{\textrm{CE}0}\ast \overline{i_{\textrm{igbt}}}+{r}_{\textrm{CE}}\ast {i^2}_{\textrm{igbt}.\textrm{eff}}\right)\\ {}{P}_{\textrm{cond}-\textrm{diode}}=2\ast \left({V}_{\textrm{F}0}\ast \overline{i_{\textrm{Diode}}}+{r}_{\textrm{CE}}\ast {i^2}_{\textrm{diode}.\textrm{eff}}\right)\\ {}{P}_{\textrm{swit}-\textrm{igbt}}=2\ast \left({E}_{\textrm{on}}\Big({i}_{\textrm{igbt}}\right)+{E}_{\textrm{off}}\left({i}_{\textrm{igbt}}\right)\ast \frac{V_{\textrm{bus}}}{U_{\textrm{n}}}\ast f\\ {}{P}_{\textrm{swit}-\textrm{diode}}=\frac{1}{2}f\ast {V}_{\textrm{cc}}(t)\ast {Q}_{\textrm{r}\textrm{r}}\\ {}{P}_{\textrm{l}}=2{\textrm{r}}_{\textrm{L}}\ast {I_{\textrm{AC}.\textrm{eff}}}^2(t)\end{array}\right\}.\end{array}} $$](21)
The energy efficiency of the inverter is:[image: Mathematical equation: $$ {\displaystyle \begin{array}{c}{\eta}_{\textrm{inverter}}=1-\frac{{\textrm{inverter}}_{\textrm{power}\ \textrm{loss}}}{v_{\textrm{bus}}\ast {i}_{\textrm{AC}.\textrm{eff}}}.\end{array}} $$](22)	Three-phase rectifier power losses



For high-power needs, three-phase bridge rectifiers are commonly used. This converter connects directly to the wind turbine. Figure 12 shows the electrical circuit.
	[image: Thumbnail: Figure 12 Refer to the following caption and surrounding text.]	Figure 12 Three-phase Rectifier schema.



The conduction power in all diodes is;[image: Mathematical equation: $$ {\displaystyle \begin{array}{c}{P}_{\textrm{rectifier}\ \textrm{loss}}=6\ast {r}_{\textrm{d}}\ast {I_{\textrm{D}}}^2.\end{array}} $$](23)
With [image: Mathematical equation: $$ {r}_d $$]the internal diode resistance, and ID is the current in the diode.
The rectifier efficiency will be obtained by equation (24) [22, 23].[image: Mathematical equation: $$ {\displaystyle \begin{array}{c}{\eta}_{\textrm{rectifier}}=\frac{P_{\textrm{output}}}{6\ast {r}_d\ast {I_D}^2+{P}_{\textrm{output}}}.\end{array}} $$](24)
3.3 Simulation and results interpretation
The simulation parameters are derived in Table 1.
Table 1 
Simulation parameters.

The source profile and load profile are shown in the following figure.
In this simulation, the load is kept constant at 1.5 kW to ensure a stable power line, while the PV and wind power profiles vary to introduce multiple input power sources. The PV power exhibits faster dynamics (0.05 s) compared to the wind turbine (1.5 s), leading to different transient behaviors. The total renewable power reaches its maximum between 2 s and 4 s, while the minimum generated power occurs between 1 s and 1.5 s. These fluctuations directly impact converter losses, influencing both efficiency and thermal performance within the microgrid Figure 13.
	[image: Thumbnail: Figure 13 Refer to the following caption and surrounding text.]	Figure 13 Pv, wind and load profiles.



Figure 14 represents the sending voltage for both DC and AC microgrids, as well as the receiving voltage at the load for both cases. For a load of 1.5 kW, the current in the line causes a droop voltage of 2 V in the DC bus and 5 V in the AC bus. The advantage of the DC droop voltage is due to the absence of line reactance, which results in a more efficient and stable voltage Figure 14.
	[image: Thumbnail: Figure 14 Refer to the following caption and surrounding text.]	Figure 14 Droop voltage of AC and DC microgrid.



	[image: Thumbnail: Figure 15 Refer to the following caption and surrounding text.]	Figure 15 Line power losses progression.



In Figure 14, the AC microgrid exhibits the highest power losses of approximately 19 W, attributed to resistive and reactive losses in AC transmission. Conversely, the DC microgrid shows the lowest losses, stabilizing around 10 w, due to the absence of reactive power losses. The hybrid microgrid, incorporating both AC and DC elements, demonstrates intermediate losses of approximately 11 W, reflecting a balance between the benefits of DC efficiency and the inherent losses of AC components.
It’s crucial to note that the line power losses are directly related to the current flowing through the conductors, which, under a fixed load, remain relatively constant in the steady-state. However, the losses associated with the converters of the hybrid system are more nuanced. These converter losses are significantly influenced by the current sharing between the generation sources and the energy storage branches. Specifically, the maximum converter power losses are observed between 2 and 4 s, likely due to increased current flow resulting from source variations. Conversely, the minimum converter power losses occur between 1 and 1.5 s, indicating that the cause is the decreased current from the sources Figure 16.
	[image: Thumbnail: Figure 16 Refer to the following caption and surrounding text.]	Figure 16 Converters power losses evolution.



Figure 17, shows that the DC-MG efficiency can reach a maximum value of 95% and decrease to 93%. This can be due to the renewable power source. On the other hand, the AC microgrid and hybrid microgrid efficiencies are respectively 90% and 92%.
	[image: Thumbnail: Figure 17 Refer to the following caption and surrounding text.]	Figure 17 Microgrid efficiency.



The DC microgrid (DC-MG) achieves a maximum efficiency of 95%, which is the highest among the systems. The AC microgrid has an efficiency of 90%, while the hybrid microgrid performs at 93% efficiency. This shows that the DC-MG performs best under stable conditions, while the AC and hybrid microgrids are more affected by fluctuations in the power supply.
Additionally, the hybrid microgrid has variable efficiency depending on the type of load and whether connected to the DC or AC buses. The efficiency of the hybrid system can change based on the load conditions, with different performance characteristics for DC and AC loads.
Overall, the DC microgrid outperforms the other systems in this comparison due to its higher efficiency and better performance under stable conditions. These results encourage further study of the impact of State of Charge (SOC) and Depth of Discharge (DOD) of the battery in the next section.
4 Battery cycle life for AC, DC, hybrid microgrid
The battery life cycle refers to the number of charge and discharge cycles a battery can complete before its capacity significantly declines. Two critical factors influencing battery performance over time are the State of Charge (SOC) and the Depth of Discharge (DOD) [24, 25].
4.1 Impact on battery SOC
In this study, the analysis of battery performance and SOC variations is conducted over a one-month period using HOMER software.
Table 2 presents the parameters for a hybrid power station (Solar/Wind) operating over a one-month period with a variable 1.5 kW peak load.
Table 2 
Input parameters for hybrid system simulation (month: August).

The load profile remains the same across all three microgrid configurations (DC, AC, and Hybrid). In a DC Microgrid, the load is directly supplied by the DC system; in an AC Microgrid, the load is adapted for AC supply; and in a Hybrid Microgrid, the load is split between the DC and AC subsystems, with the sum of both loads equal to the original load, ensuring energy balance Figures 18 and 19.
	[image: Thumbnail: Figure 18 Refer to the following caption and surrounding text.]	Figure 18 Sources power generated.



	[image: Thumbnail: Figure 19 Refer to the following caption and surrounding text.]	Figure 19 Load power demand.



The energy management systems are responsible for coordinating power distribution among all the components of the microgrid. It operates in both buck and boost modes to meet the load demand and charge the battery.
The ideal SOC of the battery can be estimated as follows: [26, 27][image: Mathematical equation: $$ {\displaystyle \begin{array}{c}\left(\begin{array}{c}{\textrm{SOC}}_{\textrm{ideal}\ \textrm{DC}}(t)\\ {}{\textrm{SOC}}_{\textrm{ideal}\ \textrm{AC}}(t)\\ {}{\textrm{SOC}}_{\textrm{ideal}\ \textrm{hybrid}}(t)\end{array}\right)=\left(\begin{array}{c}{\textrm{SOC}}_{\textrm{DC}}\left({t}_0\right)+\frac{1}{C_b}{\int}_{t_0}^t{I}_b(t) dt\\ {}{\textrm{SOC}}_{\textrm{AC}}\left({t}_0\right)+\frac{1}{C_b}{\int}_{t_0}^t{I}_b(t) dt\\ {}{\textrm{SOC}}_{\textrm{hybrid}}\left({t}_0\right)+\frac{1}{C_b}{\int}_{t_0}^t{I}_b(t) dt\end{array}\right).\end{array}} $$](25)
The real SOC of the battery is determined by;[image: Mathematical equation: $$ {\displaystyle \begin{array}{c}\left(\begin{array}{c}{\textrm{SOC}}_{\textrm{real}\ \textrm{DC}}(t)\\ {}{\textrm{SOC}}_{\textrm{real}\ \textrm{AC}}(t)\\ {}{\textrm{SOC}}_{\textrm{real}\ \textrm{hybrid}}(t)\end{array}\right)=\left(\begin{array}{c}{\eta}_{\textrm{DC}}\left({\textrm{SOC}}_{\textrm{ideal}\ \textrm{DC}}\right)\\ {}{\eta}_{\textrm{AC}}\left({\textrm{SOC}}_{\textrm{ideal}\ \textrm{AC}}\right)\\ {}{\eta}_{\textrm{hybrid}}\left({\textrm{SOC}}_{\textrm{ideal}\ \textrm{hybrid}}\right)\end{array}\right).\end{array}} $$](26)
With:

[image: Mathematical equation: $$ {\eta}_{DC} $$]: represents the global efficiency of the DC microgrid

[image: Mathematical equation: $$ {\eta}_{AC} $$]: represents the global efficiency of the DC microgrid

η
hybrid: represents the global efficiency of the DC microgrid
The simulation result using Homer software is presented by the following figures (Figs. 20–22).
	[image: Thumbnail: Figure 20 Refer to the following caption and surrounding text.]	Figure 20 Ideal and real battery SOC for DC microgrid.



	[image: Thumbnail: Figure 21 Refer to the following caption and surrounding text.]	Figure 21 Ideal and real battery SOC for hybrid microgrid.



	[image: Thumbnail: Figure 22 Refer to the following caption and surrounding text.]	Figure 22 Ideal and real battery SOC AC microgrid.



The simulation results show variations in the State of Charge (SOC) of the battery across different microgrid topologies, both with and without power loss consideration. The DC microgrid (Fig. 1) exhibits the lowest SOC, while the AC microgrid (Fig. 2) shows the highest SOC, and the hybrid microgrid (Fig. 3) presents an intermediate SOC level. This variation directly impacts the Depth of Discharge (DOD) of the battery, where a lower SOC leads to a higher DOD, potentially accelerating battery aging and reducing its lifespan, whereas a higher SOC results in a lower DOD, improving battery durability. In the next figure, the average Depth of Discharge will be calculated for each case to further analyze the battery performance under different microgrid configurations.
4.2 Impact on battery DOD
Depth of Discharge (DOD) is influenced by the topology of the microgrid. For each type of microgrid (DC, AC, or hybrid), the DOD is determined based on the State of Charge (SOC) of the battery. The DOD is affected by the specific power conversion and transmission characteristics of each system, which influence how energy is stored, converted, and discharged [28].
The following equation represents the relationship for DOD in terms of SOC [29].[image: Mathematical equation: $$ {\displaystyle \begin{array}{c}\left(\begin{array}{c}{\textrm{DOD}}_{\textrm{DC}}(t)\\ {}{\textrm{DOD}}_{\textrm{AC}}(t)\\ {}{\textrm{DOD}}_{\textrm{hybrid}}(t)\end{array}\right)=\left(\begin{array}{c}100\ast \left(1-{\textrm{SOC}}_{\textrm{real}\ \textrm{DC}}(t)\right)\\ {}100\ast \left(1-{\textrm{SOC}}_{\textrm{real}\ \textrm{AC}}(t)\right)\\ {}100\ast \left(1-{\textrm{SOC}}_{\textrm{real}\ \textrm{hybrid}}(t)\right)\end{array}\right).\end{array}} $$](27)
The result of the DOD from the previous simulation is presented in Figure 23.
	[image: Thumbnail: Figure 23 Refer to the following caption and surrounding text.]	Figure 23 DOD battery evolution.



The Depth of Discharge (DOD) varies significantly with microgrid architecture, which will affect the battery life cycle. DC microgrids show the lowest DOD at 18%, indicating the most efficient battery discharge management and likely the longest lifespan. AC microgrids have the highest DOD at 24%, suggesting greater discharge and potentially a shorter battery life. Hybrid microgrids fall in between with a DOD of around 20%, reflecting a mix of AC and DC characteristics. Overall, DC microgrids offer the best battery lifespan preservation due to their superior discharge management. Figure 24, illustrates the battery life cycle for each case.
	[image: Thumbnail: Figure 24 Refer to the following caption and surrounding text.]	Figure 24 Battery life cycle.



The graph demonstrates that Battery Life Cycle Number varies with microgrid architecture due to differences in Depth of Discharge (DOD%). In a DC microgrid, where DOD is lowest (~18%), the battery achieves the highest life cycle number at Ndc = 12,000 cycles. In contrast, the AC microgrid, with the highest DOD (~24%), results in a reduced cycle life of Nac = 9,000 cycles. The Hybrid microgrid, with an intermediate DOD (~20%), maintains a balanced life cycle of Nhybrid = 10,000 cycles. This confirms that lower DOD leads to extended battery lifespan, making DC microgrids the most efficient for long-term battery performance.
5 Experimental study
The experimental step is designed to determine the voltage droop and power loss in a copper transmission line that is 100 m long with a cross-section of 1.5 mm2 (Fig. 25).
	[image: Thumbnail: Figure 25 Refer to the following caption and surrounding text.]	Figure 25 Experimentation of DC microgrid.



The following experiments analyze how bus voltage evolves with changes in load current. Two voltage levels are considered: very low voltage (VLV) and low voltage (LV).
For VLV buses (24 V, 48 V), a higher load current significantly affects stability, as shown in Figure 26. The voltage droop can reach up to 30%, leading to poor transmission efficiency, which tends to be around 70%. In this case, implementing a droop control method can help regulate the voltage level.
	[image: Thumbnail: Figure 26 Refer to the following caption and surrounding text.]	Figure 26 VLV .Voltage droop.



In the case of LV buses (300 V and 600 V), system performance improves, with the voltage droop limited to only 1%. As a result, the transmission efficiency reaches up to 98%, as observed in Figure 27.
	[image: Thumbnail: Figure 27 Refer to the following caption and surrounding text.]	Figure 27 LV. Voltage droop.



6 Conclusion
This paper presents an innovative approach for assessing the technical benefits of AC, DC, and hybrid microgrids. The framework reveals that DC microgrids can achieve superior system efficiency with the same distribution infrastructure as AC and hybrid microgrids. To determine the line losses, the authors develop Thevenin models for each microgrid type. Since transmission line losses depend on the load current, it is essential to have the same load for each distribution. The results show that the DC line losses are significantly lower than the AC and hybrid transmission losses. This part is validated by an experimental study for different bus types and voltage levels (300 V DC, 220 V AC, 12 V, 24 V, 48 V, 300 V DC, 600 V DC). In addition, the authors examine the losses in power converters, with the DC architecture utilizing the minimum number of converters, resulting in the lowest converter losses and further improving overall system efficiency.
The study also addresses the impact of these power losses on the state of charge (SOC) and depth of discharge (DOD) of the battery. The reduced line and converter losses in DC microgrids lead to more efficient energy storage and management. As a result, the DC microgrid configuration results in lower DOD and slower SOC depletion, which translates to longer battery life. The findings show that DC microgrids provide the most effective energy storage solution, with a longer battery lifespan due to reduced losses, making it the optimal choice for sustainable and efficient energy management.
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	Micir-ogrid
	
	AC
	DC
	Hybrid





	
	Source
	PV 2 kW, wind 1 kW, battery storage



	
	Bus level
	220 V
	300 V
	220 V
	300 V



	
	Cable
	
R = 0.4 Ω, L = 0.3 mH, length = 100 m



	
	Load
	
P
AC = 1.5 kW
	
P
DC = 1.5 kW
	
[image: Mathematical equation: $$ {P}_{HY}=\alpha {P}_{DC}+\beta {P}_{AC} $$]
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	Parameters
	Value
	Unit





	
	Time step
	60
	Minutes



	Load
	Load profile type
	Variable
	kW



	
	Peak demand
	1.5
	kW



	
	Daily average
	12–15
	kWh/day



	Solar PV
	Rated capacity
	2.0
	kW (DC)



	Wind Turbine
	Rated capacity
	1.0
	kW (AC or DC)



	storage
	Nominal capacity
	10–15
	kWh



	
	Bus voltage
	300
	V



	Converter
	Inverter capacity
	2.0–3.0
	kW
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