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Abstract. A microgrid is a decentralized energy system comprising various power sources and various consumers. Electrical faults, leading to service outage, equipment failure, and reduced reliability, are some of the central issues in such systems. Integration of artificial intelligence (AI) offers a smart solution not only for energy generation, storage, and consumer optimization, but also for maintaining system stability. AI is also essential in detecting faults and anomalies extremely fast, especially in decentralized networks. This paper outlines the design of an intelligent monitoring system for energy management, fault detection, and their localization in a DC microgrid. The approach is tested through simulations on a 400V DC microgrid under different conditions of faults such as different resistances and locations. The results show that the system operates rapidly and accurately with fault isolation within less than 1 millisecond. Compared to other approaches, the presented scheme is novel in terms of high reliability, fast response, and overall efficiency.
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introduction
In the last few years, the increasing growth of electrical energy systems has caused an enormous rise in the number of transmission and distribution lines worldwide [1]. Electrical faults remain among the largest issues in assuredly keeping up the power supply [2]. Fast fault detection is essential for effective monitoring and control of the grid. The intelligent protection systems come in—they detect faults early, prevent extensive damage, and protect individuals and equipment.
That challenge has been a major draw for researchers, especially when used with microgrids. The goal is to stabilize and make those systems more reliable with improved fault detection and location, while reducing downtime and maintenance costs. Different methods have been introduced to identify where a fault has happened, using both or either ends of a transmission line data [3]. For example, the authors in [4] introduced a rapid fault diagnosis technique for DC microgrids. The method consists of three main steps:

· Detecting the fault from the time derivative of the current at line terminals,
· classifying the type of fault,
· And fault detection based on line parameters and a multi-objective genetic algorithm.
 
The authors in another study [5] propose a method that does not make use of terminal communication. Instead, it relies on local voltage and current measurement. Fault detection takes place by comparing a calculated pseudo voltage (PSDV) with a threshold. The least squares (LS) method is then utilized to estimate the resistance and location of the fault. All of these techniques aim to enhance microgrids to be more intelligent and resilient. Grounded on this principle, the proposed scheme presents a smart monitoring system addressing energy management, fault detection, and identification of their location in a DC microgrid. We applied the system to a 400V system under various fault scenarios, i.e., fault resistance and location variation, and the result was promising performance.

Architecture of the proposed DC microgrid
The DC microgrid studied in this work is a six-terminal system that combines multiple energy sources, including solar (PV), wind, and the AC grid.The AC grid is used to ensure stability and continuity of service.When renewable generation from the DC microgrid exceeds local demand, the excess can be injected into the AC grid or when generation is insufficient, the DC microgrid can import energy from the AC grid. It also includes energy storage, a DC load, and an AC load. To ensure protection, circuit breakers (CBs) are placed at both ends of each transmission line.
All energy sources are connected to the DC bus through appropriate converters. The PV panels and wind turbine use DC/DC boost converters, while the battery system is linked through a bidirectional DC/DC converter, controlled by a PID regulator to manage charging and discharging. This configuration helps maintain stable operation and reliable protection across various conditions. The overall structure of the microgrid is shown in Figure 1, and the main system parameters are listed in Table 1.
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FIGURE 1. Structure of DC microgrid system:

TABLE 1. Parameters of different system components
	DC BUS 

	Bus voltage 
	400V

	Resistance per unit
	12.73m/km

	Inductance per unit
	0.9337mH/km

	Capacitance per unit
	12.7Nf/km

	Segment length L
	2000m

	Fault resistance R
	0.5

	Snubber resistance R
	10

	Snubber capacitance C
	10F

	Solar power
	100Kw

	Wind turbine
	100Kw

	Battery
	230V ,300Ah

	Load
	16Kw



PV modeling
The solar photovoltaic (PV) system consists of multiple cells connected in series and parallel to achieve the desired output characteristics in terms of power, current, and voltage [6]. These cells convert sunlight into electricity and are influenced by changes in temperature and solar irradiance. The PV system used in this study is represented by an equivalent electrical circuit that includes a current source (representing the photo-generated current, Iph), a parallel diode, and two resistors to account for internal losses—one in series and one in parallel, as illustrated in Figure 2.[image: ]The mechanical power of the wind turbine is determined by the following equation:

FIGURE 2. Equivalent circuit of solar cell
The mathematical model that expresses the performance of a photovoltaic panel is given by the following equation (1):

  (1)
Where:
 IPV: Output current
V: Output voltage
Iph​: Photogenerated current (depends on solar irradiance and temperature)
IS​: Reverse saturation current of the diode
q: Charge of electron (1.602 × 10⁻¹⁹ C)
k: Boltzmann constant (1.381 × 10⁻²³ J/K)
T: Temperature in Kelvin
n: Ideality factor of the diode (typically 1–2)
Rs​: Series resistance
Rsh​: Shunt resistance
Wind modeling
The operation of a wind turbine is based on converting the kinetic energy of the wind, captured by the blades, into mechanical energy using the rotating shaft. This mechanical energy is then transformed into electrical energy using a permanent magnet synchronous generator (PMSG) [7]. Finally, the three-phase alternating current produced by the PMSG is rectified into direct current using a rectifier. The energy produced by a wind turbine influenced by several factors such as wind speed, blade surface area, and air density.
The mechanical power of the wind turbine is determined by the following equation (2):

  (2)
where:
ρ: air density
R: rotor blade radius
Vw: wind speed
Cp: power coefficient, which evaluates the efficiency of the turbine and blades as a function of the tip speed ratio λt​ and the angle (β).
Modelling of BES
Lithium batteries are the most widely used energy storage systems due to their high performance, high efficiency and long lifespan [8]. The battery state of charge is defined by (3):
batt = 100[1-(1 ∫ )] (3)
Where;
𝑖batt: the battery's current (A)
 𝑄𝑏att: the battery capacity (Ah)
DC-DC Converters and MPPT
DC-DC converters play an important part in DC microgrids. They are responsible for voltage level modification so that energy from different sources could be used efficiently by different parts. In the configuration used here, both the photovoltaic (PV) panels and the permanent magnet synchronous generator (PMSG) are connected to the DC bus through boost converters, which elevate and regulate their output voltage.
To guarantee that every source delivers maximum power, the converters are controlled using an MPPT algorithm. As for the battery, it is interfaced to the grid through a bidirectional DC-DC converter. The converter switches between two modes: it discharges in boost mode when the bus voltage drops below 400V, and it charges in buck mode when the voltage is higher than that.
This operation is regulated by a PID controller that continuously adjusts the duty cycle of the converter in order to reduce voltage error, thus making the battery charge and discharge smooth and stable.

   (4)

The error between the reference voltage and the actual voltage is given by:


Where:
Kpe: proportional gain
Ki: integral gain
Kd: derivative gain
u(t): control signal sent to the DC-DC converter


The MPPT algorithm is used to continuously extract the maximum power from PV and wind sources, even under changing conditions like temperature, irradiance, or wind speed. It works by adjusting the duty cycle of the boost converter. In this system, the Perturb and Observe (P&O) algorithm is used.

Fault Detection and Diagnosis Strategy
The fault detection and isolation method used in the DC microgrid is based on monitoring the current in each line through Intelligent Electronic Devices (IEDs). These devices continuously supervise the system and manage the operation of circuit breakers installed at both ends of every line.

If the current on a line goes beyond a set threshold, it indicates a fault. The IEDs then react by sending a command to open the circuit breakers, quickly isolating the affected section to prevent further issues. The breakers used in this system can interrupt fault currents in less than 1 millisecond. The overall approach is illustrated in Figure 3 and Figure 4.
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FIGURE 3. Fault detection and isolation method
[image: ]

FIGURE 4. Diagram that describes the method of fault detection and isolation
Simulation and Results
Energy Management System
The Energy Management System plays a key role in keeping the microgrid stable and running smoothly, even as solar and wind power fluctuate. Its main objective is to keep the DC bus voltage close to 400V and ensure that power supply matches the load demand. To do this, the system relies on a battery connected through a bidirectional DC-DC converter.
· When the bus voltage exceeds 400 volts or the generated power is greater than the load demand, the converter acts as a buck converter, diverting excess energy to the battery.
· Conversely, when the bus voltage drops below 400 volts or the generated power is insufficient, the converter switches to boost mode, drawing power from the battery to support the DC bus.

To test the proposed method, the simulation starts with the total power generated from renewable sources being lower than the load demand PL, as shown in Figure 5. Throughout the simulation, the source power fluctuates to reflect realistic variations in solar and wind generation. The battery system responds by compensating for the power imbalance:
· It discharges when the generated power is insufficient to meet the load.
· It charges when ​, absorbing the excess energy.
This scenario highlights the effectiveness of the EMS in maintaining power balance and ensuring system stability under dynamic operating conditions. The DC bus voltage (Figure 6 (a)) quickly stabilizes at the reference value of 400 V, confirming the EMS and converter’s ability to maintain voltage stability under varying conditions. The SOC (Figure 6 (b) ) initially drops as the battery discharges to support the load, then rises as excess energy is used to recharge it—demonstrating effective power balancing.

[image: ]
FIGURE 5. Power Flow in the Microgrid Under a Dynamic Scenario
[image: ][image: ]
(a)                                                                        (b)
FIGURE 6.  (a) DC Bus voltage regulation, (b) battery state of charge (b).
Performance evaluation for short-circuit fault in cable 1
The proposed fault location method is tested during a line-to-line fault in the PV section over a 6s simulation. The system operates normally until t = 3 s, when a fault occurs on the PV line (cable 1), causing a sharp rise in current and a rapid voltage drop. The current quickly exceeds the predefined threshold, triggering the protection mechanism.
Figure 7 (a) shows the current profile, while Figure 7 (b) illustrates the voltage response during the fault event.
At t = 3 seconds, the system detects a fault on line 2, which corresponds to the PV section. It quickly identifies the fault and opens the circuit breakers at both ends of the affected line to isolate the problem.

Right after the fault is cleared, the voltage returns to normal and stabilizes around 400 volts, while the fault current drops sharply to zero—showing that the protection system worked as intended. Figure 8 shows how the breakers behaved during this event. Before the fault (from 0 to 3 seconds), the breakers are closed, meaning everything is running normally. Once the fault is detected, they open (between 3 and 5 seconds) to disconnect the faulty section and keep the rest of the system safe. Also this figure shows that the circuit breakers can clear faults in less than 1 millisecond.
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(a)                                                                                 (b)
FIGURE 7.  (a) Fault Current Profile, (b) DC Bus Voltage Response
[image: ]     [image: ]

FIGURE 8. Circuit Breaker Status Durng Fault Isolation (1 = Closed, 0 = Open).

Performance evaluation for short-circuit fault in cable 6

The system show normal operation until t=4s, when t=4s, a fault is affected on the wind line (cable 6) and causes a sudden increase in current and a rapid decrease in voltage. The current is increased rapidly, exceeding the threshold value (1000 A). Figure 9 (a) shows the current behavior and Figure 9 (b) shows the voltage behavior.
After the fault, the voltage returns quickly to 400 volts and the current becomes equal to 0, indicating that the affected line is isolated. Figure 10 present the control signal of the circuit breaker during this event, demonstrating effective fault detection and isolation.
               [image: ][image: ]
(a)                                                                                             (b)
FIGURE 9.  (a) Fault Current Profile, (b) DC Bus Voltage Response
[image: ][image: ]

FIGURE 10. Circuit Breaker Status During Fault Isolation (1 = Closed, 0 = Open).

The results of the simulation carried out confirm the effectiveness of the proposed method in managing energy and handling faults within the DC microgrid. The system maintains stable voltage, ensures reliable power flow, and responds quickly to fault conditions by accurately detecting and isolating the affected lines.
CONCLUSION
This work presented an intelligent supervision system for energy management, fault detection, and fault location in a DC microgrid. The proposed method effectively maintains power balance and voltage stability through real-time control of renewable sources and battery storage, even under fluctuating generation conditions. Simulation results confirmed the system’s ability to detect and isolate faults quickly, ensuring safe and reliable microgrid operation. Overall, the approach demonstrates strong potential for enhancing the resilience and performance of future DC microgrids.
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