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Abstract: This study presented an integral backstepping (IB) controller to enhance the dynamic 

stability of direct current (DC) microgrids by effectively managing their interconnected components. 

The proposed control strategy generated switching signals for power converters, enabling seamless 

coordination among solar photovoltaic (PV) generators, wind generators, and battery energy storage 

systems with the common DC bus. By ensuring the convergence of all state variables to their desired 

values, the controller guaranteed system stability, which was rigorously analyzed using Lyapunov 

theory. To further optimize performance, state observers were employed to monitor DC microgrid 

currents, power flows, and load disturbances, improving sensor accuracy, reducing costs, and 

enhancing system reliability. Comprehensive simulations validated the controller’s effectiveness in 

maintaining power balance under varying operating conditions. Compared to conventional methods, 
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the proposed approach significantly improved the DC bus voltage regulation and overall dynamic 

performance of the microgrid. 

Keywords: DC microgrids; integral backstepping control; nonlinear observers; photovoltaic (PV) 
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1. Introduction 

Microgrids are a sophisticated technique under modern power systems, which form a mainstay 

for allowing distributed energy resources (DERs) to operate in a synchronized manner, thus ensuring 

a stable, sustainable, and reliable power supply. They help improve energy security, transmission loss 

reduction, as well as facilitate easy assimilation of renewable power. Microgrids promote worldwide 

energy sustainability by being able to operate independently of the main grid in regions with 

substandard or non-existent power infrastructure. They support local generation, transmission, 

distribution, and storage of electricity, which makes them a means for local economic development 

while mitigating environmental impacts from traditional hydrocarbon burning [1,2]. 

Microgrids can be divided into three types: alternating current (AC), direct current (DC), and an 

AC-DC combination known as the hybrid microgrid. A microgrid based on AC must be able to 

interwork with the traditional grid. DC microgrids continue to be preferred for DC-based DERs like 

solar and battery storage solutions, as they provide a more cost-effective integration that serves loads 

by eliminating the power conversion to AC in most of the building-mounted appliances [3,4]. Hybrid 

microgrids: Hybridization of AC and DC systems leads to better results and higher flexibility [5,6]. 

The microgrids of all types have features and applications driven by particular operational 

requirements and the availability of resources. DC microgrids have a few attractive features that are 

different from AC ones, such as efficiency and the integration of renewable energy [7]. Since the 

majority of DERs are DC when they are generated natively, energy conversions have to stay partially 

obsolescent with DC microgrids by nipping in the bud or by wholly getting rid of a certain number of 

inefficient operations and, as a result, improving system efficiency. In addition, DC microgrids can 

more readily interface with standard electronic devices on the downstream side, including power 

conversion and energy storage devices, which frequently eliminates the requirement to convert to 

AC [8]. It helps achieve a simple system level organization that can be more reliable and less costly to 

maintain. The DC microgrids are an essential part of the next generation power systems [9] as a result 

of growing attention towards sustainability and renewable energy. 

Scaling up wind and solar manufacturing capacity also makes microgrids more sustainable and 

cost-effective. Solar and wind power are environmentally friendly with a low cost of production [10]. 

Enhanced production, thus, enables microgrids to decrease dependency on fossil fuels and greenhouse 

gases and increase power security [11]. The efficient utilization of wind and solar energy promotes the 

development of the low-carbon economy, which is consistent with the world climate goals. The 

expansion of renewable power generation may also serve to boost the economy through lowering 

power costs and providing new employment opportunities in the renewable power field [12]. 

To boost the efficiency of PV and wind power systems, maximum power point tracking (MPPT) 

algorithms play a central role in optimizing performance under varying conditions. There are numerous 
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MPPT methods, each with characteristic features and applications. Advanced MPPT algorithms are 

essential for boosting renewable energy output, such as PV power, as well as wind power output. 

Researchers in [13] presented a non-isolated high step-up DC-DC converter designed for a solar PV-

centric DC microgrid, which offers a high-voltage conversion magnitude alongside smaller component 

size, with high efficiency, comprising a modified perturb and observe (P&O) control algorithm for 

MPPT, which was validated via simulation results as well as experimental results. While the P&O 

technique remains simple for users, with a simple control design, its performance suffers under rapidly 

changing conditions [14]. In contrast, incremental conductance (INC) techniques offer improved 

accuracy and faster response with increased complexity [15]. An artificial neural network (ANN)-

oriented INC supervisory control technique for PV power under microgrid conditions was presented 

in [16] by integrating constant power (CP) mode with MPPT mode for stabilizing power generation 

under changing environmental conditions, with a view to ensuring precise power regulation as well as 

seamless operation with minimal oscillations as well as rapid dynamics, as validated via MATLAB 

Simulink simulation results. While fuzzy logic-based MPPT algorithms exhibit applicability for a 

variety of scenarios, they require extensive adaptation [17]. A fuzzy logic controller (FLC)-centric 

MPPT technique was presented in [18] for a DC microgrid fed by solar PV as well as fuel cell power, 

for optimizing efficiency under varied conditions of irradiance as well as temperatures via rapid 

adaptation to the environment for enhancing system reliability, as well as an increased FLC design 

concept for a DC-DC boost converter. Hybrid MPPT controllers, which integrate techniques such as 

P&O, INC, or fuzzy logic, showed remarkable performance enhancements as they react promptly to 

rapid dynamical changes in irradiance [19]. It allows, therefore, that a PV system, as well as a wind 

system, in a microgrid operation, work under its maximum power point (MPP), translating to an overall 

improved efficiency of a specified stand-alone or part-of-islanded microgrid. [20] described a PV-

based microgrid system with grid connection via an H-bridge voltage-source inverter having a hybrid 

controller for optimizing its performance, which employed an INC MPPT for maximum power 

extraction and a sliding-mode control (SMC) for improving power quality, having a faster response, 

lower harmonics, and increased robustness, as contrasted with a proportional integral (PI) 

+proportional integral derivative (PID) hybrid controller. Other new approaches, such as neural 

networks, particle swarm optimization, or others, are also extremely efficient, but they require more 

computational power [21,22]. Both algorithms entail compromises, with a decision based on individual 

application needs as well as system characteristics. A hybrid particle swarm-optimization/grey wolf-

optimizer algorithm was suggested in [23] as a control algorithm for DC microgrids in its local control 

layer for improving system problems such as imprecise power-sharing, unchecked DC-bus-voltage, 

excessive battery-current-ripple, with notable improvements in power distribution between PV, battery, 

and supercapacitor technologies, with minimized settling time as well as overshoot/undershoot with 

changing loads as well as generation conditions. 

The selection of control strategies is crucial for stable, reliable, and efficient microgrid operations. 

Although linear control systems have the advantages of a relatively simple design and common usage 

in various applications, they may not exhibit effective behavior under nonlinear and dynamic 

conditions accompanying microgrids [24]. Nonlinear control strategies, such as SMC [25] and 

backstepping control [26], have been used to tackle these issues because of their robustness and good 

performance under different operating conditions. A double integral SMC was proposed in [27] for PV 

converters in DC microgrids to ensure smooth and seamless transitions between MPPT and constant 

voltage control modes by controlling the PV converter as a voltage source in both modes, as 
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demonstrated through simulations and experimental tests. SMC is a disturbance- and uncertainty-

robust method, but it has a chattering effect with specific inputs. In contrast, backstepping is a 

nonlinear control technique that has been widely used to derive controllers for certain classes of 

nonlinear systems, offering the high precision and robustness required in microgrid applications [28]. 

Backstepping control has been considered as a systematic approach to design controllers, and it is 

widely used for the exact regulation problem of nonlinear systems, especially in the complete 

regulation sense for coupling terms inherent within periodic variations of microgrid dynamical 

equations. More recently, advanced integral-backstepping (IB) enhancements have been proposed, 

such as the adaptive nonlinear IB with double deep Q-learning for frequency stabilization in cyber-

physical shipboard microgrids [29], and the continuous reactive power regulation strategy for hybrid 

high-voltage direct current (HVDC) transmission systems [30]. While these contributions demonstrate 

significant progress, their focus is on maritime systems or large-scale HVDC networks, and thus they 

do not directly address the challenges of voltage regulation and disturbance rejection in renewable-

powered DC microgrids. IB remains particularly promising for such applications, as it integrates 

integral action to eliminate steady-state errors and improve dynamic performance [28]. The adoption 

of backstepping and IB controls represents a significant advancement in modern MPPT techniques for 

DC microgrid optimization [31], ensuring that PV and wind systems consistently operate at their MPP 

while maintaining overall system reliability and sustainability. These control techniques ensure that 

PV and wind systems in microgrid operations consistently operate at their MPP, thereby boosting the 

overall efficiency and sustainability of the microgrid. It should be noted that even for general linear 

observers, such as the Luenberger observer, which are quite easy to design and simpler to implement, 

they perform reasonably well in many situations when compared with other higher-order observers [32]. 

However, they do not perform well in nonlinear scenarios. To deal with nonlinearities, observers such 

as the extended Kalman filter (EKF) [33] and sliding mode observers [27] have been proposed for 

precise estimates of states under different operating conditions. Researchers in [34] addressed the 

challenges of actuator fault estimation, state estimation, and bus voltage control in DC microgrids with 

linear and nonlinear constant power loads, proposing a dual-extended Kalman filter (dual-EKF) for 

fault and state estimation, and a linear parameter varying model predictive control for regulating 

current and voltage, offering robust, adaptive control with reduced computational burden, and 

validated by numerical simulations. 

Microgrids are nonlinear systems by nature; thus, proper state estimation is required by 

employing well-suited observers. For modern microgrid control strategies, nonlinear observers such 

as the extended high-gain observer (EHGO) [35] and nonlinear disturbance observer (NDO) [36] are 

used. EHGOs are highly efficient tools for the online state estimation of plant systems; they have high 

accuracy and fast-converging properties that enable them to be used in real-time control applications. 

NDOs are designed to forecast failures and system behavior and are operational correctly even in the 

presence of abnormal configurations [36]. Because of their precision and fast convergence, they can 

be deployed in real-time settings (low latency) when a high level of accuracy in state estimation is 

required [37]. For the stability and security of microgrids, especially in predictive disturbance cases, 

it is important that their operational performance is reliable. These observations improve the 

performance and trustworthiness of their most efficient. By wisely integrating them in DC microgrids, 

it could disrupt the path to the next occurrence of advanced and environmentally friendly control loops, 

with leading prospects for sustainable reliable systems. 
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Most recent studies on nonlinear control approaches have shown considerable advances beyond 

classical methods. Adaptive neural network (NN) observer-based synthesis techniques, for instance, 

have been employed to address uncertainties inherent in nonlinear renewable energy systems, 

improving adaptability as well as boosting robustness [38–40]. It has been demonstrated that neural 

Lyapunov methods can be combined with traditional Lyapunov approaches for efficient and accurate 

stability analysis of uncertain nonlinear systems. Furthermore, neural controllers with fractional-order 

analysis of stability were shown to possess adequate ability to control the complexity of microgrid 

dynamics, subsequently ensuring improved assurances on performance under conditions that are 

uncertain as well as time-variant. Such studies reflect an emerging trend toward intelligent, adaptive, 

as well as computationally efficient nonlinear control designs for application in renewable energy 

integration. On this basis, our proposed framework implements an IB methodology that 

comprehensively addresses issues related to steady-state regulation, while applying nonlinear 

observers for purposes of estimation that are robust, closing an existing gap in literature. 

Although the limitations of DC microgrids have been widely studied, several challenges remain. 

A key issue lies in integrating nonlinear control and estimation within a unified framework to handle 

their nonstationary and uncertain behavior. Furthermore, research on developing efficient and adaptive 

MPPT algorithms compatible with advanced management strategies is still ongoing. To the best of the 

authors’ knowledge, this work is the first to propose a simple integrated control and observation 

technique for a nonlinear DC–DC converter in a DC microgrid using an IB-based approach, enhancing 

both MPPT performance and overall system stability. 

The contributions of this study are summarized as follows: 

• The proposed control framework adopts an IB approach that mitigates steady-state errors 

through integral action, ensuring higher precision and stability in DC microgrid operations. 

• The incorporation of the P&O MPPT algorithm enhances the performance of renewable 

energy generation, optimizing the microgrid's power output. 

• Nonlinear observers are employed for accurate state estimation and disturbance rejection, 

improving the reliability of the control system. 

• The effectiveness of the proposed framework is validated under diverse simulation scenarios, 

demonstrating its robustness and adaptability. 

• A key innovation of this paper lies in the integration of IB with nonlinear observers and 

explicit handling of load uncertainty, which is not jointly addressed in prior work. 

In a nutshell, this work highlights the indispensable role of DC bus voltage regulation for power 

balance and microgrid stability. With backstepping control designed for different operating conditions, 

improved convergence for tracking as well as steady-state errors are accomplished. In addition, with 

local information only, a sophisticated control scheme for decentralized control omits complicated 

communication networks. Lyapunov theory helps to derive the asymptotic stability of the system, with 

meticulous observation of currents, powers, as well as disturbances, making the microgrid more 

reliable. 

The rest of this paper proceeds as follows. Section 2 addresses configuration and modeling of the 

DC microgrid. Section 3 presents the design procedure of the proposed wind and PV sources' controller 

and observer, with a stability study. Section 4 addresses developing the proposed DC bus voltage 

regulator controller and observer, with a relevant stability analysis. Section 5 addresses designing a 

controller and disturbance observer for DC and AC load voltages, with a relevant stability study. 
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Section 6 shows simulation results that verify the performance of the proposed controller for various 

operating conditions. Finally, Section 7 concludes the paper with a summary of major findings. 

2. DC Microgrid configuration and modeling 

2.1. DC Microgrid configuration 

The architecture of the DC microgrid system under investigation is illustrated in Figure 1. Two 

electric sources, a PV generator and a wind source, form the microgrid system. These sources were 

interfaced to the DC bus by using boost converters. The battery compensates between the energy 

generation and the load as the storage element of the microgrid. The buck-boost converter enables the 

connection of the battery to the DC bus. A single-phase full-bridge inverter supplies the AC load and 

a DC–DC buck converter is used to connect the load to simulate the DC load. The electrical diagram 

of a DC microgrid is illustrated in Figure 2 [41–43]. 

 

Figure 1. DC microgrid system configuration. 

2.2. DC microgrid modeling 

The DC microgrid system depicted in Figure 2 was modeled in this section. The converter control 

signals were built using the control technique suggested in this study and were derived from the 

microgrid system model. The structure shown in Figure 2 includes the wind turbines, PV sources, and 

batteries. The PV and wind sources operate in an MPPT configuration. The power delivery capacity 

of the battery source is calculated based on the DC bus voltage reference provided by the droop control. 

Climate conditions affect the PV and wind power fed into the shared DC bus of the DC microgrid. 

Depending on its state of charge (SoC), a battery normally functions in one of two charging modes: 

constant voltage (CV) or constant current. In the continuous current mode, the charging current 

remains constant, but the terminal voltage increases. 
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Figure 2. Electrical diagram of the DC microgrid. 

2.2.1. Quadratic boost converter model 

Because the quadratic boost converter (QBC) has a higher gain than the standard converter, it is 

more appropriate for the PV source voltage, which is often low, and DC bus voltage, which is relatively 

high. Figure 2 shows a circuit schematic of the QBC topology. The main component of this setup is an 

extra boost stage, and an additional active switch is not included. The switching losses in the converter 

decrease when a single active switch is used. In conclusion, this converter increases the gain of the 

conventional step-up architecture by combining two boost converters with a single active switch [44]. 

Eleven parallel strings, each with nine series-connected 213 W modules, were combined to form a PV 

source with a 21.1 kW capacity. The PV source can inject energy into the common DC bus using the 

QBC. Depending on the operating mode imposed by the microgrid system energy management 

algorithm, the PV source operates at the MPP point or to the left (the energy management algorithm is 

not examined in this study). These are the dynamic equations for QBC [45]: 

𝑑𝑈𝑝𝑣

𝑑𝑡
=

𝐼𝑝𝑣

𝐶11
−

𝐼𝐿1

𝐶11
,             

𝑑𝐼𝐿1

𝑑𝑡
=

𝑈𝑝𝑣

𝐿1
−
(1−𝛼1).𝑈𝑐12

𝐿1
,           

𝑑𝐼𝐿

𝑑𝑡
=

𝑈𝑐12

𝐿
−
(1−𝛼1).𝑈𝑜1

𝐿
,          (1) 

𝑑𝑈𝑐12

𝑑𝑡
= −

𝐼𝐿

𝐶12
+
(1−𝛼1).𝐼𝐿1

𝐶12
,           

𝑑𝑈𝑜1

𝑑𝑡
= −

𝐼𝑜1

𝐶13
+
(1−𝛼1).𝐼𝐿

𝐶13
,           

where the currents in the PV source, L1 inductor, and L inductor are Ipv, IL1, and IL, respectively. The 

voltage across capacitor C12 is represented by Uc12 and the PV voltage by Upv. The QBC output voltage 
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is denoted by Uo1 and the output current is denoted by Io1. At the input and output of the QBC, the 

capacitors are denoted by C11 and C13, respectively. Following pulse-width modulation (PWM), the 

power switch is controlled by duty cycle α1, whose value ranges from 0 to 1. 

2.2.2. Boost converter model 

In the considered wind energy system (WES), the wind turbines are connected to the DC bus 

through a permanent-magnet synchronous generator (PMSG), an unregulated rectifier, and a boost 

converter. WES configuration is illustrated in Figure 2. The particular option is a PMSG based turbine 

system, due to its simple controllability, low cost and easy assembling. Utilizing turbines and 

corresponding PMSG, WESC farming harnesses the wind flows for electrical energy. The mechanical 

power of a WES can be calculated with the following formula [46–48]:  

𝑃𝑤 =
1

2
𝜌. 𝜋. 𝐶𝑝(𝜆, 𝛽). 𝑅

2. 𝑉3,        (2) 

where V is the wind speed, Cp is the power coefficient, R is the turbine radius, and ρ is air density. The 

pitch angle and relative speed are denoted as ꞵ and λ, respectively. In this study, we used a pitch angle 

of zero (ꞵ = 0). 

The following equations describe the operation of the boost converter associated with the wind 

source [43]: 

{
 
 

 
 
𝑑𝑈𝑑𝑐

𝑑𝑡
=

𝐼𝑑𝑐

𝐶21
−

𝐼𝐿2

𝐶21
,              

𝑑𝐼𝐿2

𝑑𝑡
=

𝑈𝑑𝑐

𝐿2
−
(1−𝛼2).𝑈𝑜2

𝐿2
,    

𝑑𝑈𝑜2

𝑑𝑡
= −

𝐼𝑜2

𝐶22
+
(1−𝛼2).𝐼𝐿2

𝐶22
,

        (3) 

where Idc and Udc denote the output voltage and current, respectively, of the three-phase rectifier. The 

output current and voltage of the boost converter are denoted by Io2 and Uo2, respectively. L2 inductor 

current and duty cycle are represented by IL2 and α2, respectively. The input and output of the boost 

converter are capacitors, denoted by C21 and C22, respectively. 

2.2.3. Reversible Buck-boost converter model 

An integrated DC microgrid battery energy storage system (BESS) controls the power balance of 

the system. The energy storage unit charges the system to absorb energy when the output power of the 

PV and wind production unit is greater than the absorbed power of the loads; on the other hand, the 

energy storage unit discharges energy to supply the system with energy. Therefore, the interface 

converter of the energy-storage unit must be bidirectional. Figure 2 shows a schematic diagram of the 

bidirectional converter. As illustrated in Figure 2, the BESS is set up with the DC bus through a 

bidirectional buck-boost converter. Owing to the bidirectional current flow capability of this converter, 

the BESS can be charged in the buck mode or discharged in the boost mode depending on the load 

current requirement. The available charge of the battery in relation to its peak charging capacity is 

indicated by the SOC of the BESS. Because it establishes which energy storage unit and how much of 
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it should be used by the system-level control, monitoring the SOC is essential. The methods outlined 

in [49,50] were used to compute the SOC values of the implemented BESS system. 

0
0

1
 

t

b b b

b

SOC SOC
Q

dI = +  ,         (4) 

where 𝑄𝑏, 𝜂𝑏 are battery capacity and ampere hour efficiency, and Ib, 𝑆𝑂C𝑏, and 𝑆𝑂C0 denote the 

battery current, the state of charge, and its beginning value, respectively. 

The buck-boost converter equations linked to the BESS can be derived using the following 

expressions [25,43–46]: 

{
 
 

 
 

𝑑𝑈𝑏

𝑑𝑡
=

𝐼𝑏

𝐶31
−

𝐼𝐿3

𝐶31
,       

𝑑𝐼𝐿3

𝑑𝑡
=

𝑈𝑏

𝐿3
−
𝛼3.𝑈𝑜3

𝐿3
,    

𝑑𝑈𝑜3

𝑑𝑡
= −

𝐼𝑜3

𝐶32
+
𝛼3.𝐼𝐿3

𝐶32
,

        (5) 

where Ub and Ib represent the battery voltage and current, respectively. Io3 and Uo3 refer to the buck-

boost converter’s output current and voltage, respectively. At the input and output of the buck-boost 

converter, the capacitors are denoted by C31 and C32, respectively. IL3 and α3 represent the L3 inductor 

current and the duty cycle, respectively. 

2.2.4. Single phase inverter model 

The AC load is linked to the output of the DC-AC inverter. By delivering a regulated voltage 

of 220 V RMS at 50 Hz, the inverter was a single-phase full-bridge inverter. An electrical schematic 

of the inverter is displayed in Figure 2. The equations below illustrate the operation of a single-phase 

inverter [51,52], 

{

𝑑𝑈𝑠1

𝑑𝑡
=

𝐼𝐿4

𝐶4
−

𝑈𝑠1

𝐶4.𝑅𝐿1
,            

𝑑𝐼𝐿4

𝑑𝑡
=

𝑈𝐵𝑢𝑠.(2.𝛼4−1)

𝐿4
−
𝑈𝑠1

𝐿4

,        (6) 

where UBus and Us1 refer to the DC common bus voltage and the voltage across the AC load, 

respectively. The AC load is represented by RL1 and the capacitance at the AC load terminal is C4. L4 

inductance current and duty cycle are represented by IL4 and α4, respectively. 

2.2.5. Buck converter model 

The output of the buck converter is connected to the DC load. Power flows in only one direction 

from the common DC bus to the DC load. A buck converter is the most advantageous choice, as it can 

function within a voltage range of zero to the standard DC bus voltage. A nominal DC voltage of 500V 

was supplied through buck converter control. The buck converter circuit is illustrated in Figure 2. The 

equations determining the buck converter operation are as follows [52–55]: 
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{

𝑑𝑈𝑠2

𝑑𝑡
=

𝐼𝐿5

𝐶5
−

𝑈𝑠2

𝐶5.𝑅𝐿2
,          

𝑑𝑖𝐿5

𝑑𝑡
=

𝑈𝐵𝑢𝑠(𝛼5−1)

𝐿5
−
𝑈𝑠2

𝐿5
,
         (7) 

where Us2 denotes the RL2 load-terminal voltage. The L5 inductance current and duty cycle are 

represented by IL5 and α5, respectively, and the capacitance at the DC load terminal is C5. 

2.2.6. Cables and common DC Bus model 

Cables connect various components of the DC microgrid, which are described as inductors and 

resistors connected in series. The capacitor Cdc is a component of the standard DC bus. The following 

equations represent the DC bus capacitor and link cable models [25–38]: 

𝑑𝐼𝑜1

𝑑𝑡
=

𝑈𝑜1

𝐿𝑐1
−
𝑈𝐵𝑢𝑠

𝐿𝑐1
−
𝑟𝑐1.  𝐼𝑜1

𝐿𝑐1
,            

𝑑𝐼𝑜2

𝑑𝑡
=

𝑈𝑜2

𝐿𝑐2
−
𝑈𝐵𝑢𝑠

𝐿𝑐2
−
𝑟𝑐2.  𝐼𝑜2

𝐿𝑐2
,            

𝑑𝐼𝑜3

𝑑𝑡
=

𝑈𝑜3

𝐿𝑐3
−
𝑈𝐵𝑢𝑠

𝐿𝑐3
−
𝑟𝑐3.  𝐼𝑜3

𝐿𝑐3
,            

𝑑𝑈𝐵𝑢𝑠

𝑑𝑡
=

𝐼𝑜1

𝐶𝑑𝑐
+

𝐼𝑜2 

𝐶𝑑𝑐
+

𝐼𝑜3

𝐶𝑑𝑐
−
(2.𝛼4−1).  𝐼𝐿4 

𝐶𝑑𝑐
−

  𝛼5 .  𝐼𝐿5

𝐶𝑑𝑐
,     (8) 

where rci and Lci represent the cable's equivalent resistance and inductance (i є {1, 2, 3}), respectively, 

and the DC bus capacitance is Cdc. 

3. Backstepping control of PV and wind source 

3.1. Integral backstepping control for PV power maximization 

All the microgrid system converter switching control signals are determined using the suggested 

IB control technique [53,54]. Because almost all dynamic models employ the same control 

methodology, we restricted our scope to the presentation of the final calculation results for the other 

converters, providing only a step-by-step design process for a QBC converter connected to the PV 

source. 

3.1.1. Extended high-gain observer design of PV current 

To minimize the number of sensors, the current Ipv is considered an observable disturbance. 

Estimating disturbance Ipv is the primary role of the EHGO. This is due to the fact that utilizing the 

estimation of Ipv will suffice to accomplish the goal of reducing steady state inaccuracy. Thus, it is 

reasonable to infer that Ipv =0. Disturbance Ipv is added to the system to construct an EHGO, that is, 

{
𝑢̇𝑝𝑣 =

𝐼𝑝𝑣

𝐶11
−

𝐼𝐿1

𝐶11

𝐼𝑝̇𝑣 = 0
.         (9) 
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The augmented system mentioned above can be used to create an EHGO [35], 

{
 

 𝑈̂
˙

𝑝𝑣 =
𝐼𝑝𝑣

𝐶11
−

𝐼𝐿1

𝐶11
+

2

𝜀1
(𝑈𝑝𝑣 − 𝑈̂𝑝𝑣)

𝐼
˙

𝑝𝑣 =
𝐶11

𝜀1
2 (𝑈𝑝𝑣 − 𝑈̂𝑝𝑣)

,       (10) 

where ε1 is a positive constant that must be chosen as minimal as feasible to obtain a quick estimate. 

To estimate the PV voltage Upv, use the notation 𝑈̂𝑝𝑣. 

A PV voltage reference is required by the proposed control design, and the P&O MPPT algorithm 

generates the requested reference. Figure 3 shows the standard P&O algorithm [56,57]. 

 

Figure 3. Conventional P&O algorithm for PV generator. 

3.1.2. Integral backstepping control of QBC 

The proposed control was based on the IB technique [58–60]. The aim is to operate the PV 

generator at the maximum power. 

Step 1. We introduce the following input error, z11: 

𝑧11 = 𝑈𝑝𝑣 − 𝑈𝑟𝑒𝑓1 + 𝑘𝑖1∫ 𝑈𝑝𝑣 − 𝑈𝑟𝑒𝑓1.      (11) 
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The parameter ki1 is arbitrary (ki1 є R) and Uref1 is the reference of PV voltage. 

Deriving z11 with respect to time and accounting for (1), 

𝑧̇11 = 𝑈̇𝑝𝑣 − 𝑈̇𝑟𝑒𝑓1 + 𝑘𝑖1(𝑈𝑝𝑣 − 𝑈𝑟𝑒𝑓1) =
𝐼𝑝𝑣

𝐶11
−

𝐼𝐿1

𝐶11
− 𝑈̇𝑟𝑒𝑓1 + 𝑘𝑖1(𝑈𝑝𝑣 − 𝑈𝑟𝑒𝑓1),  (12) 

where IL1 is the virtual control input. Such an equation shows that one gets (𝑧̇11 = −𝑘11𝑧11), and 

k11>0 is a design parameter. 

Taking into account (𝑈̇𝑟𝑒𝑓1 = 0), the stabilizing function is expressed as follows: 

𝐼𝑟𝑒𝑓1 = 𝑘11𝐶11𝑧11 + 𝐼𝑝𝑣 + 𝑘𝑖1. 𝐶11. (𝑈𝑝𝑣 − 𝑈𝑟𝑒𝑓1).     (13) 

The difference between the inductor current and its reference is expressed as: 

𝑧12 = 𝐼𝐿1 − 𝐼𝑟𝑒𝑓1.         (14) 

Now, replacing iL1 with (z12+Iref1) in (25) yields 

𝑧̇11 =
𝐼𝑝𝑣

𝐶11
−
(𝑧12+𝐼𝑟𝑒𝑓1)

𝐶11
+ 𝑘𝑖1(𝑈𝑝𝑣 − 𝑈𝑟𝑒𝑓1).      (15) 

By replacing Eq (13) in (15), we obtain 

𝑧̇11 = −𝑘11𝑧11 −
𝑧12

𝐶11
.         (16) 

Step 2. Now, let us examine the behavior of the error variable z12. Equations (1) and (13) were 

used to obtain the error derivative of z12: 

𝑧̇12 = 𝐼𝐿̇1 − 𝐼𝑟̇𝑒𝑓1 =
𝑈𝑝𝑣

𝐿1
−
𝑈𝑐12

𝐿1
(1 − 𝛼1) − 𝐼𝑟̇𝑒𝑓1.    (17) 

Using expression (13), we calculate the derivative of Iref1 

𝐼𝑟̇𝑒𝑓1 = 𝑘11𝐶11. 𝑧̇11 + 𝐼𝑝̇𝑣 + 𝑘𝑖1. 𝐶11. (𝑈̇𝑝𝑣 − 𝑈̇𝑟𝑒𝑓1).     (18) 

Replacing the expressions (1) and (15) in (18), taking into account (𝑈̇𝑟𝑒𝑓1 = 0), we obtain: 

𝐼𝑟̇𝑒𝑓1 = −𝑘11𝐶11. (𝑘11𝑧11 +
𝑧12

𝐶11
) + 𝐼𝑝̇𝑣 + 𝑘𝑖1. 𝐶11. (

𝐼𝑝𝑣

𝐶11
−

𝐼𝐿1

𝐶11
).    (19) 

By replacing (17) in (19), we obtain the following expression for the error derivative of z12: 

𝑧̇12 =
𝑈𝑝𝑣

𝐿1
−
𝑈𝑐12

𝐿1
(1 − 𝛼1) + 𝑘11𝐶11. (𝑘11𝑧11 +

𝑧12

𝐶11
) − 𝐼𝑝̇𝑣 − 𝑘𝑖1. (𝐼𝑝𝑣 − 𝐼𝐿1).  (20) 

Now we select the Lyapunov function 

𝑉1 = 0.5𝑧11
2 + 0.5𝑧12

2 .        (21) 
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The derivative of the Lyapunov function is calculated by the following expression: 

𝑉̇1 = 𝑧11𝑧̇11 + 𝑧12𝑧̇12.        (22) 

Using the expressions (20) and (22), we obtain the expression for the Lyapunov function derivative 

𝑉̇1 = −𝑘11𝑧11
2 − 𝑘12𝑧12

2 + 𝑧12. (−
𝑧11

𝐶11
+ 𝑘12𝑧12 + 𝑧̇12),     (23) 

where k12 is a positive design parameter (𝑘12 > 0). 

The derivative of the Lyapunov function is negative if the term in the brackets is zero. Hence, the 

derivative of the error z12 must be equal to 

𝑧̇12 =
𝑧11

𝐶11
− 𝑘12𝑧12.         (24) 

By substituting the current Ipv with its observation Îpv and using (20) and (24), the expression of the 

duty cycle, which allows asymptotic convergence to zero of the errors z11 and z12, is 

𝛼1 = 1 −
𝐿1

𝑈𝑐12
(−

𝑧11

𝐶11
+ 𝑘12. 𝑧12 +

𝑈𝑝𝑣

𝐿1
+ 𝑘11𝐶11. (𝑘11𝑧11 +

𝑧12

𝐶11
) − 𝐼

˙

𝑝𝑣 − 𝑘𝑖1. (𝐼𝑝𝑣 − 𝐼𝐿1)). (25) 

Figure 4 illustrates the proposed IB control approach for controlling the PV voltage. 

 

Figure 4. PV Voltage regulation based IB control technique. 
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3.2. Integral backstepping control for wind power maximization 

3.2.1. Extended high-gain observer design of Idc current 

Because rectifier losses are not considered, we assume that the power reaching the input of the 

boost converter is equal to the wind power (Pw = Udc.Idc). It seems sensible to conclude that (𝐼𝑑̇𝑐 = 0) 

based on the study of the high-gain observer for the PV current in the previous section. Disturbance 

Idc is added to the system to construct an EHGO, that is, 

{
𝑢̇𝑑𝑐 =

𝐼𝑑𝑐

𝐶21
−

𝐼𝐿2

𝐶21

𝐼𝑑̇𝑐 = 0
.         (26) 

The augmented system mentioned above can be used to create an EHGO [35]. 

{
 

 𝑈̂
˙

𝑑𝑐 =
𝐼𝑑𝑐

𝐶21
−

𝐼𝐿2

𝐶21
+

2

𝜀2
(𝑈𝑑𝑐 − 𝑈̂𝑑𝑐)

𝐼
˙

𝑑𝑐 =
𝐶21

𝜀2
2 (𝑈𝑑𝑐 − 𝑈̂𝑑𝑐)

,      (27) 

where ε2 is a positive constant that must be chosen as minimal as feasible to obtain a quick estimate. 

To estimate the voltage Udc, use the notation 𝑈̂𝑑𝑐. 

3.2.2. Integral backstepping control of BC 

Similar to the previous section, the proposed control was built using the IB technique. In this 

section, we present an innovative approach based on controlling the voltage at the boost converter 

input, which delivers the maximum power to operate the wind source, in contrast to earlier research 

efforts that regulate generator speed. A mechanical speed reference is required to obtain the reference 

voltage. As shown in Figure 5, the P&O algorithm provides a mechanical speed reference [56,57]. 

In terms of the output current and electrical speed, the average voltage at the rectifier output is 

expressed as follows [61]: 

𝑈𝑑𝑐 =
3√3

𝜋
. 𝜓𝑚. 𝛺𝑒 −

3

𝜋
𝑋𝑠𝐼𝑑𝑐.        (28) 

The amplitude of the flux linkage in the stator caused by the permanent magnet in the rotor is denoted 

as ψm, where Ωe and Idc are the electrical speed and rectifier output current, respectively, and Xs is the 

generator reactance. 

Electrical speed is expressed by 

𝛺𝑒 = 𝑃. 𝛺𝑚,          (29) 

where P denotes the number of pole pairs. 

The synchronous generator reactance Xs is given by 

𝑋𝑠 = 𝐿𝑠. 𝑃. 𝛺𝑚,         (30) 
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where Ls denotes the inductance of the stator phase. 

Replacing (29) and (30) in (28) gives the expression for average voltage as a function of 

mechanical speed 

𝑈𝑑𝑐 = 𝛺𝑚. (
3√3

𝜋
. 𝜓𝑚. 𝑃 −

3

𝜋
𝑃. 𝐿𝑠𝐼𝑑𝑐).       (31) 

Using (31), we obtain the reference for the average value of the rectifier output voltage 

𝑈𝑟𝑒𝑓2 = 𝛺𝑟𝑒𝑓. (
3√3

𝜋
. 𝜓𝑚. 𝑃 −

3

𝜋
. 𝑃. 𝐿𝑠𝐼𝑑𝑐).      (32) 

The following input error is introduced: 

𝑧21 = 𝑈𝑑𝑐 − 𝑈𝑟𝑒𝑓2 + 𝑘𝑖2∫ 𝑈𝑑𝑐 − 𝑈𝑟𝑒𝑓2,      (33) 

where the parameter ki2 is arbitrary (ki2 ∈ ℜ). 

 

Figure 5. Conventional P&O algorithm for wind generator. 

The duty cycle expression for the regulation of the wind generator speed can be obtained by 

replacing the current Idc with its observed Îdc. This is similar to the design of the PV voltage IB control, 

𝛼2 = 1 −
𝐿2

𝑈𝑜2
(−

𝑧21

𝐶21
+ 𝑘22. 𝑧22 +

𝑈𝑑𝑐

𝐿2
+ 𝑘21𝐶21 (𝑘21𝑧21 +

𝑧22

𝐶21
) − 𝐼

˙

𝑑𝑐 − 𝑘𝑖2. (𝐼𝑑𝑐 − 𝐼𝐿2)), (34) 



18376 

AIMS Mathematics  Volume 11, Issue 6, 18361–18401. 

where k21 and k22 are design parameters that are positive (𝑘21 > 0, 𝑘22 > 0). 

Let us review the expressions for error z22 and reference Iref2 based on the computation in the 

previous section, 

𝑧22 = 𝐼𝐿2 − 𝐼𝑟𝑒𝑓2.           

The stabilizing function is expressed as follows: 

𝐼𝑟𝑒𝑓2 = 𝑘21𝐶21𝑧21 + 𝐼𝑑𝑐 + 𝑘𝑖2. 𝐶21. (𝑈𝑑𝑐 − 𝑈𝑟𝑒𝑓2).     (36) 

According to the previous section, the derivative of z21 and z22 are equal to 

𝑧̇21 = −
𝑧22

𝐶21
− 𝑘21𝑧21; 𝑧̇22 =

𝑧21

𝐶21
− 𝑘22𝑧22.       (37) 

Now we select the Lyapunov function 

𝑉2 = 𝑉1 + 0.5𝑧21
2 + 0.5𝑧22

2 . 

The derivative of the Lyapunov function is calculated by the following expression 

𝑉̇2 = −𝑘11𝑧11
2 − 𝑘12𝑧12

2 + 𝑧21𝑧̇21 + 𝑧22𝑧̇22.      (38) 

By replacing (35) and (36) in (38), we obtain the derivative of the Lyapunov function 

𝑉̇2 = −𝑘11𝑧11
2 − 𝑘12𝑧12

2 − 𝑘21𝑧21
2 − 𝑘22𝑧22

2 .      (39) 

The fact that the Lyapunov function derivative is negative indicates that the system is stable. The 

IB control concept, corresponding to the maximum power operation of the wind source, is shown in 

Figure 6. 

 

Figure 6. IB control to maximize wind power. 
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4. Proposed control of the DC bus voltage 

In this section, the IB technique for regulating the common DC bus voltage is described. To do 

this, we installed nonlinear disturbance observers (EHGO, NDO) to measure the load power, as well 

as the power provided by the PV, wind, and battery. 

4.1. Extended high-gain observer design of battery current 

The battery current was regarded as an observable disturbance. The principal function of the 

EHGO is to estimate the disturbance Ib. This is because optimizing for Ib estimation is sufficient to 

achieve the objective of minimizing the steady-state error. Thus, it is reasonable to infer that (𝐼𝑏̇ = 0) 

= 0. Disturbance Ib is added to the system to construct an EHGO, that is, 

{
𝑈̇𝑏 =

𝐼𝑏

𝐶31
−

𝐼𝐿3

𝐶31

𝐼𝑏̇ = 0
.            (40) 

The augmented system mentioned above can be used to create an EHGO [35], 

{
 

 𝑈̂
˙

𝑏 =
𝐼𝑏

𝐶31
−

𝐼𝐿3

𝐶31
+

2

𝜀3
(𝑈𝑏 − 𝑈̂𝑏)

𝐼
˙

𝑏 =
𝐶31

𝜀3
2 (𝑈𝑏 − 𝑈̂𝑏)

,       (41) 

where ε3 is a positive constant that must be chosen as minimal as feasible to obtain a quick estimate. 

To estimate the battery voltage Ub, use the notation 𝑈̂𝑏. 

4.2. Constructing the nonlinear disturbance observer for estimating PV power 

We initially make the following assumptions about the observer design: As disturbance P1 

changes more slowly in the real process than the system state quantity, the time derivative of P1 can be 

viewed as zero when compared to the time derivative of the system state. A well-chosen observation 

gain function can guarantee that a system disturbance is clearly observed [57–62]. 

For the disturbance observer, the nonlinear system model employed was [63] 

𝑥̇1 = 𝑓1(𝑥) + 𝑔11(𝑥). 𝑢1 + 𝑔12(𝑥). 𝑃1,      (42) 

where f1(x), g11(x), and g12(x) are smooth curves with respect to the state quantity x1, u1 is the system 

control input, and P1 is its output. 

Refer to Eq (57) using the general model of the system as follows: 

(
𝑥̇11
𝑥̇12
) = (

𝑥12

𝑈𝑐12
𝑈𝑐12−𝑈𝑜1

𝐿
+ 𝐼𝐿

𝐼𝐿−𝐼𝑜1

𝐶13

) + (
0

𝑈𝐶12𝑈𝑜1

𝐿
−

𝐼𝐿
2

𝐶13

)𝑢1 + (
−1
0
) . 𝑃1,   (43) 
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where 𝑓1(𝑥) =  (
𝑥12

𝑈𝑐12
𝑈𝑐12−𝑈𝑜1

𝐿
+ 𝐼𝐿

𝐼𝐿−𝐼𝑜1

𝐶13

) , 𝑔11(𝑥) =  (
0

𝑈𝐶12𝑈𝑜1

𝐿
−

𝐼𝐿
2

𝐶13

)  , 𝑔12(𝑥) =  (
−1
0
),  𝑃1 =

 𝑈𝑜1𝐼𝑜1, (
𝑥11
𝑥12
) =  (

1

2
(𝐿. 𝐼𝐿

2 + 𝐶13𝑈𝑜1
2 )

𝐼𝐿𝑈𝑐12
), 𝐿1 = [𝑙11 𝑙12]. 

Next, the NDO in Eq (43) is created as follows: 

𝑤̇1 = −𝐿1𝑔12(𝑥)𝑤1 − 𝐿1[𝑔12(𝑥). 𝑃𝑎(𝑥) + 𝑓1(𝑥) + 𝑔11(𝑥)𝑢1],   

𝑃̂1 = 𝑤1 + 𝑃𝑎(𝑥),           (44) 

where L1 is built as follows, w1 is the observer's internal state, and 𝑃𝑎(𝑥) is a nonlinear function that 

has to be designed  in the observer. 

𝐿1 =
𝜕𝑃𝑎

𝜕𝑥
.          (45) 

The expression for the observed perturbation is obtained by substituting g11, g12, Pa, and L1, 

𝑤̇1 = 𝑙11𝑤1 − 𝑙11[𝐼𝐿𝑈𝑐12 − 𝑙11𝑥11 − 𝑙12𝑥12], 

𝑃̂1 = 𝑤1 + 𝑙11𝑥11 + 𝑙12𝑥12.          (46) 

4.3. Constructing the NDO for estimating wind power 

In the following section, P2, or the power supplied by the wind source in the continuous DC bus, 

is observed using the same methodology as P1 in the preceding section [62,63]. 

For the disturbance observer, the nonlinear system model employed was 

𝑥̇2 = 𝑓2(𝑥) + 𝑔21(𝑥). 𝑢2 + 𝑔22(𝑥). 𝑃2,       (47) 

where f2(x), g21(x), and g22(x) are smooth curves with respect to the state quantity x2, u2 is the system 

control input, and P2 is its output. 

Refer to Eq (47) using the general model of the system as follows: 

(
𝑥̇21
𝑥̇22

) = (

𝑥22
𝑈𝑑𝑐
2

𝐿2
+ 𝐼𝐿2

𝐼𝑑𝑐−𝐼𝐿2

𝐶21

) +  (
0

−
𝑈𝑜2.𝑈𝑑𝑐

𝐿2

)𝑢2 + (
−1
0
) . 𝑃2,    (48) 

where 𝑓2(𝑥) =  (

𝑥22
𝑈𝑑𝑐
2

𝐿2
+ 𝐼𝐿2

𝐼𝑑𝑐−𝐼𝐿2

𝐶21

) , 𝑔21(𝑥) =  (
0

−
𝑈𝑜2𝑈𝑑𝑐

𝐿2

) , 𝑔22(𝑥) =  (
−1
0
) , 𝑃2 = 𝑈𝑜2𝐼𝑜2 , 

(
𝑥21
𝑥22

) =  (
1

2
(𝐿2𝐼𝐿2

2 + 𝐶22𝑈𝑜2
2 )

𝐼𝐿2𝑈𝑑𝑐
), 𝐿2 = [𝑙21 𝑙22]. 

Next, the NDO in Eq (48) is created as follows: 

𝑤̇2 = −𝐿2𝑔22(𝑥)𝑤2 − 𝐿2[𝑔22(𝑥). 𝑃𝑏(𝑥) + 𝑓2(𝑥) + 𝑔21(𝑥)𝑢2],  (49) 

𝑃̂2 = 𝑤2 + 𝑃𝑏(𝑥), 
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where L2 is built as follows: w2 is the observer's internal state, and Pb(x) is a nonlinear function that 

must be designed by the observer, 

𝐿2 =
𝜕𝑃𝑏

𝜕𝑥
.           (50) 

The expression for the observed perturbation is obtained by substituting g21, g22, Pb, and L2, 

𝑤̇2 = 𝑙21𝑤2 − 𝑙21[𝐼𝐿2𝑈𝑑𝑐 − 𝑙21𝑥21 − 𝑙22𝑥22],       

𝑃̂2 = 𝑤2 + 𝑙21𝑥21 + 𝑙22𝑥22.         (51) 

4.4. Constructing the NDO for estimating battery power 

The battery power supply/absorption from the DC bus is observed in the following section using 

the same technique as in the preceding section [62,63]. 

For the disturbance observer, the nonlinear system model employed was 

𝑥̇3 = 𝑓3(𝑥) + 𝑔31(𝑥). 𝑢31 + 𝑔32(𝑥). 𝑃3,      (52) 

where f3(x), g31(x), and g32(x) are smooth curves with respect to the state quantity x3, u3 is the system 

control input, and P3 is its output. 

Refer to Eq (52), using the general model of the system: 

(
𝑥̇31
𝑥̇32

) = (

𝑥32
𝑈𝑏
2

𝐿1
+ 𝐼𝐿3

𝐼𝑏−𝐼𝐿3

𝐶31

) + (
0

−
𝑈𝑜3𝑈𝑏

𝐿1

)𝑢31 + (
−1
0
) . 𝑃3,     (53) 

where 𝑓3(𝑥) =  (

𝑥32
𝑈𝑏
2

𝐿3
+ 𝐼𝐿3

𝐼𝑏−𝐼𝐿3

𝐶31

) , 𝑔31(𝑥) =  (
0

−
𝑈𝑜3𝑈𝑏

𝐿3

) , 𝑔32(𝑥) =  (
−1
0
) , 𝑃3 = 𝑈𝑜3𝐼𝑜3 , (

𝑥31
𝑥32

) =

 (
1

2
(𝐿3𝐼𝐿3

2 + 𝐶32𝑈𝑜3
2 )

𝐼𝐿3𝑈𝑏
), 𝐿3 = [𝑙31 𝑙32]. 

Next, the NDO in Eq (53) is created as follows: 

𝑤̇3 = −𝐿3𝑔32(𝑥)𝑤3 − 𝐿3[𝑔32(𝑥). 𝑃𝑐(𝑥) + 𝑓3(𝑥) + 𝑔31(𝑥)𝑢3],      

𝑃̂3 = 𝑤3 + 𝑃𝑐(𝑥),         (54) 

where L3 is built as follows: w is the observer's internal state, and Pc(x) is a nonlinear function that 

must be designed by the observer. 

𝐿3 =
𝜕𝑃𝑐

𝜕𝑥
.          (55) 

The expression for the observed perturbation is obtained by substituting g31, g32, Pc, and L3, 

𝑤̇3 = 𝑙31𝑤3 − 𝑙31[𝐼𝐿3𝑈𝑏 − 𝑙31𝑥31 − 𝑙32𝑥32],       

𝑃̂3 = 𝑤3 + 𝑙31𝑥31 + 𝑙32𝑥32.         (56) 
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4.5. Constructing the EHGO for estimating load power 

Power consumption estimation for both DC and AC loads is required in the duty-cycle 

formulation of the buck-boost converter. Similarly, to the previous part, which examined the EHGO 

for the Ipv, Idc, and Ib current, it is reasonable to infer that (𝑃̇𝐿 = 0). Based on (8), the disturbance PL 

is added to the system to construct an EHGO, that is, 

{
𝑥̇ =

2

𝐶𝑑𝑐
(𝑈𝐵𝑢𝑠. 𝐼𝑜1 + 𝑈𝐵𝑢𝑠. 𝐼𝑜2 + 𝑈𝐵𝑢𝑠. 𝐼𝑜3) −

2

𝐶𝑑𝑐
𝑃𝐿

𝑃̇𝐿 = 0
,     (57) 

where the DC bus voltage square is denoted by the variable x. (𝑥 = 𝑈𝐵𝑢𝑠
2 ). 

By ignoring switching losses in power switches and Joule losses in the three connection cables, 

the powers provided by the PV generator, the wind source, and the BESS in the common DC bus are 

denoted as (𝑈𝐵𝑢𝑠𝐼𝑜1), (𝑈𝐵𝑢𝑠𝐼𝑜2), and (𝑈𝐵𝑢𝑠𝐼𝑜3), accordingly. We obtain 

{

𝑃1 = 𝑃𝑝𝑣 = 𝑈𝐵𝑢𝑠𝐼𝑜1  

𝑃2 = 𝑃𝑤 = 𝑈𝐵𝑢𝑠𝐼𝑜2      

𝑃3 = 𝑃𝑏 = 𝑈𝐵𝑢𝑠𝐼𝑜3     
 .        (58) 

The augmented system mentioned above can be used to create an EHGO [35], 

{
𝑥̂
˙

 =
2

𝐶𝑑𝑐
(𝑃̂1 + 𝑃̂2 + 𝑃̂3) −

2

𝐶𝑑𝑐
𝑃̂𝐿 +

2

𝜀4
(𝑥 − 𝑥̂)

𝑃̂
˙

𝐿 =
𝐶𝑑𝑐

𝜀4
2 (𝑥 − 𝑥̂)

,     (59) 

where ε4 is a positive constant that must be chosen as minimal as feasible to obtain a quick estimate. 

To estimate x, use the notation 𝑥̂. 

4.6. IB common DC bus voltage droop control 

A crucial element in ensuring that a microgrid runs properly is to control the common DC bus 

voltage. It is possible to balance the production and consumption of electrical energy by controlling 

battery power. To control the DC bus voltage, a buck-boost converter is designed using IB control, as 

explained in this section. Using battery current control (CC mode), the event that the battery is not 

charged is one of two probable possibilities. In the second scenario, the battery is charged, but it must 

be allowed to reach its maximum voltage or explode. In this case, the battery voltage must be controlled 

to its nominal value (CV mode) [41,64]. 

Based on (57) and (58), we obtain the following expression: 

𝑥̇ =
2

𝐶𝑑𝑐
(𝑃𝑝𝑣 + 𝑃𝑤 + 𝑃𝑏 − 𝑃𝐿) =

2

𝐶𝑑𝑐
𝑃𝑏 + 𝑓1(𝑃𝑝𝑣, 𝑃𝑤, 𝑃𝐿).    (60) 

Considering the simplistic assumptions mentioned above and neglecting the change in battery 

current (𝐼𝑏̇ ≅ 0), the battery power derivative is expressed by 
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𝑃̇𝑏 = −
𝑈𝑏𝑈𝑜3

𝐿3
. 𝛼3 + 𝑓2(𝐼𝑏, 𝐼𝐿3, 𝑈𝑏),        (61) 

where 𝑓1(𝑃𝑝𝑣, 𝑃𝑤, 𝑃𝐿) = 
2

𝐶𝑑𝑐
(𝑃𝑝𝑣 + 𝑃𝑤 − 𝑃𝐿) and 𝑓2(𝐼𝑏, 𝐼𝐿3, 𝑈𝑏) =

𝐼𝑏
2

𝐶31
−
𝐼𝑏.𝐼𝐿3

𝐶31
+
𝑈𝑏
2

𝐿3
. 

By employing Eq (58), the DC bus voltage reference is obtained from the droop control 

output [42,48,57,62]: 

𝑈𝐵𝑢𝑠−𝑟𝑒𝑓 = 𝑈𝑟𝑒𝑓 −𝑚. 𝑃̂3,        (62) 

where m denotes the droop control coefficient, and Uref is the voltage reference value prior to droop 

control. 

The following input error is introduced: 

𝑧31 = 𝑥 − 𝑥𝑟𝑒𝑓 + 𝑘𝑖3∫ 𝑥 − 𝑥𝑟𝑒𝑓,       (63) 

where 𝑥𝑟𝑒𝑓 = 𝑢𝐵𝑢𝑠−𝑟𝑒𝑓
2  and the parameter ki3 is arbitrary (ki2 ∈ ℜ). 

By employing Eq (58), the powers Ppv, Pw, Pb, and PL are replaced with 𝑃̂1 , 𝑃̂2 , 𝑃̂3  and 𝑃̂𝐿 

respectively. Current Ib was replaced with the observed value Ȋb. We derive the duty cycle equation for 

DC bus regulation, as in earlier sections. 

𝛼3 =
𝐿3

𝑈𝑏.𝑈𝑜3

(

 

𝑧31

𝐶31
+ 𝑘32. 𝑧32 +

𝐼𝑏
2

𝐶31
−
𝐼𝑏𝐼𝐿3

𝐶31
+
𝑈𝑏
2

𝐿3
+ 𝑘31

𝐶𝑑𝑐

2
(−𝑘31𝑧31 +

𝑧32

𝐶31
)

+𝑘𝑖3. (𝑃̂1 +  𝑃̂2 + 𝑃̂3 − 𝑃̂𝐿) + (𝑃̂
˙

1 + 𝑃̂
˙

2 − 𝑃̂
˙

𝐿)
)

 ,  (64) 

where k31 and k32 are design parameters that are positive (𝑘31 > 0, 𝑘32 > 0). 

Let us review the expressions for error z32 and reference Pref based on the computation in the 

previous section. 

𝑧32 = 𝑃𝑏 − 𝑃𝑟𝑒𝑓.         (65) 

The stabilizing function is expressed as follows: 

𝑃𝑟𝑒𝑓 = −(𝑘31𝑧31 +
2

𝐶𝑑𝑐
(𝑃𝑝𝑣 + 𝑃𝑤 − 𝑃𝐿) + 𝑘𝑖3. (𝑥 − 𝑥𝑟𝑒𝑓))

𝐶𝑑𝑐

2
.   (66) 

According to the previous section, the derivative of z31 and z32 are equal to 

𝑧̇31 =
2.𝑧32

𝐶𝑑𝑐
− 𝑘31𝑧31, 𝑧̇32 =

2.𝑧31

𝐶𝑑𝑐
− 𝑘32𝑧32.      (67) 

Now, we select the Lyapunov function 

𝑉3 = 𝑉2 + 0.5𝑧31
2 + 0.5𝑧32

2 .        (68) 

The derivative of the Lyapunov function is calculated by the following expression 
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𝑉̇3 = −𝑘11𝑧11
2 − 𝑘12𝑧12

2 − 𝑘21𝑧21
2 − 𝑘22𝑧22

2 + 𝑧31𝑧̇31 + 𝑧32𝑧̇32.    (69) 

By replacing (67) in (69), we obtain the derivative of the Lyapunov function 

𝑉̇3 = −𝑘11𝑧11
2 − 𝑘12𝑧12

2 − 𝑘21𝑧21
2 − 𝑘22𝑧22

2 − 𝑘31𝑧31
2 − 𝑘32𝑧32

2 .    (70) 

The derivative of the Lyapunov function is negative, which proves that the system is stable. 

Figure 7 depicts the concept of common DC bus voltage regulation, battery current observation, 

and power observations required to create the proposed control law. 

 

Figure 7. Proposed common DC bus voltage regulation. 

5. Design of a backstepping control system for voltage regulation of DC and AC loads 

5.1. IB control design of single-phase inverter 

The terminal voltage needs must be controlled according to Us1ref, that is, the reference voltage. 

The IB control, which is covered in detail in the preceding sections, provides the basis for AC voltage 

regulation. 

The following input error is introduced: 

𝑧41 = 𝑈𝑠1 − 𝑈𝑠1𝑟𝑒𝑓 + 𝑘𝑖4∫ 𝑈𝑠1 − 𝑈𝑠1𝑟𝑒𝑓,      (71) 

where the AC output voltage reference is 𝑈𝑠1𝑟𝑒𝑓 = 𝑈𝑀 sin(𝜔. 𝑡) and the parameter ki4 is arbitrary 

(ki4 ∈ ℜ). (𝑈𝑀 = 311𝑉,𝜔 = 2. 𝜋. 𝑓, 𝑓 = 50𝐻𝑧). 

The duty cycle equation for AC voltage regulation was obtained in the same manner as in the 

previous sections. 

𝛼4 =
1

2
+

𝐿4

2.𝑈𝐵𝑢𝑠
(
−
𝑧41

𝐶4
+ 𝑘42. 𝑧42 +

𝑈𝑠1

𝐿5
+ 𝑘41𝐶4 (𝑘41𝑧41 −

𝑧42

𝐶4
) + 𝐶4𝑈

¨

𝑠1𝑟𝑒𝑓 +
𝑈̇𝑠1

𝑅𝐿1

−𝐶4. 𝑘𝑖2. (
𝐼𝐿4

𝐶4
−

𝑈𝑠1

𝑅𝐿1𝐶4
− 𝑈̇𝑠1𝑟𝑒𝑓)

), (72) 
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where RL1 is AC load resistor, k41 and k42 are design parameters that are positive (𝑘41 > 0, 𝑘42 > 0). 

Let us review the expressions for error z42 and reference IL4ref based on the computation in the 

previous section. 

𝑧42 = 𝐼𝐿4 − 𝐼𝐿4𝑟𝑒𝑓.         (73) 

The stabilizing function is expressed as follows: 

𝐼𝐿4𝑟𝑒𝑓 = −𝑘41𝐶4𝑧41 +
𝑈𝑠1

𝑅𝐿1
+ 𝐶4. 𝑈̇𝑠1𝑟𝑒𝑓 − 𝑘𝑖4. 𝐶4. (𝑈𝑠1 − 𝑈𝑠1𝑟𝑒𝑓).   (74) 

According to the previous section, the derivative of z41 and z42 are equal to 

𝑧̇41 =
𝑧42

𝐶4
− 𝑘41𝑧41; 𝑧̇42 = −

𝑧41

𝐶4
− 𝑘42𝑧42.      (75) 

Now we select the Lyapunov function 

𝑉4 = 𝑉3 + 0.5𝑧41
2 + 0.5𝑧42

2 .        (76) 

The derivative of the Lyapunov function is calculated by the following expression 

𝑉̇4 = −𝑘11𝑧11
2 − 𝑘12𝑧12

2 − 𝑘21𝑧21
2 − 𝑘22𝑧22

2 − 𝑘31𝑧31
2 − 𝑘32𝑧32

2 + 𝑧41𝑧̇41 + 𝑧42𝑧̇42. (77) 

By replacing (75) in (77), we obtain the derivative of the Lyapunov function 

𝑉̇4 = −𝑘11𝑧11
2 − 𝑘12𝑧12

2 − 𝑘21𝑧21
2 − 𝑘22𝑧22

2 − 𝑘31𝑧31
2 − 𝑘32𝑧32

2 − 𝑘41𝑧41
2 − 𝑘42𝑧42

2 . (78) 

The derivative of the Lyapunov function is negative, which proves that the system is stable. 

The principle of controlling the AC load terminal voltage using the IB technique is illustrated in 

Figure 8. 

 

Figure 8. IB regulation of the AC load voltage. 
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5.2. IB control and DC load perturbation observer design 

It is necessary to regulate the DC load terminal voltage to its reference value. Depending on a 

variety of external factors, including temperature, the DC load resistance RL2 in the circuit may 

fluctuate continuously [62]. Assumed to be R0 is the nominal value of RL2. The dynamic model of the 

buck converter is inferred based on Eqs (7) and (8), 

𝑑𝑥1𝑎

𝑑𝑡
= 𝑥2𝑎 + 𝑑1(𝑡),            

𝑑𝑥2𝑎

𝑑𝑡
= 𝑢 −

𝑥1𝑎

𝐿5𝐶5
−

𝑥2𝑎

𝑅0𝐶5
+ 𝑑2(𝑡),       (79) 

where 𝑥1𝑎 = 𝑈𝑠2 − 𝑈𝑠2𝑟𝑒𝑓  and 𝑥2𝑎 =
𝐼𝐿5

𝐶5
− 

𝑈𝑠2

𝐶5.𝑅0
  𝑑1(𝑡) =

𝑈𝑠2

𝑅0𝐶5
−

𝑈𝑠2

𝑅𝐿2𝐶5
 , 𝑑2(𝑡) = −

1

𝑅0𝐶5
[
𝑈𝑠2

𝑅0𝐶5
−

𝑈𝑠2

𝑅𝐿2𝐶5
], 𝑢 =

𝛼5.𝑈𝐵𝑢𝑠−𝑈𝑠2𝑟𝑒𝑓

𝐿5𝐶5
, RL2 is the DC load resistor, d1(t) and d2(t) are disturbances produced by 

uncertainty in the RL2 load, and Us2ref is the reference voltage Us2. 

5.2.1. Extended observer state (ESO) design for perturbation estimation 

This section describes the development of a disturbance estimator to identify the disturbances 

produced by changes in the DC load resistor. Using the mathematical model of the buck converter, the 

ESO technique was used to estimate mismatched disturbances in d1(t) [57,65], 

𝑥̂
˙

1𝑎 = 𝑥̂2𝑎 + 𝑑̂1 − 𝛾1(𝑥̂1𝑎 − 𝑥1𝑎),       (80) 

𝑑̂
˙

1 = −𝛾2(𝑥̂1𝑎 − 𝑥1𝑎),           

where 𝑥̂1𝑎 and 𝑥̂2𝑎 are the estimates of x1a and x2a, respectively, 𝑑̂1 and 𝑑̂2 are the estimate of d1 

and d2, respectively, 𝛾1 and 𝛾2are positive parameters (𝛾1 > 0, 𝛾2 > 0). 

The matched disturbance estimate of d2(t) is immediately calculated from the 𝑑̂1, provided by 

𝑑̂2 = −
𝑑̂1

𝑅0𝐶5
.          (81) 

5.2.2. IB regulation of the DC load voltage 

The output voltage regulation is based on IB control, which has been discussed in detail in 

previous sections. 

The following input error is introduced: 

𝑧51 = 𝑥1𝑎 + 𝑘𝑖5∫ 𝑥1𝑎.        (82) 

The parameter ki5 is arbitrary (ki5 ∈ ℜ). 

Similar to the earlier parts, we obtain the following expression for the duty cycle for DC load 

voltage regulation: 
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𝛼5 =
𝑈𝑠2𝑟𝑒𝑓

𝑈𝐵𝑢𝑠
+

𝐿5𝐶5

𝑈𝐵𝑢𝑠
(

−𝑧51 − 𝑘52. 𝑧52 +
𝑥1𝑎

𝐿5𝐶5
+

𝑥2𝑎

𝑅0𝐶5
−  𝑑̂2 − 𝑘51(−𝑘51𝑧51 + 𝑧52)

−𝑑̂
˙

1 − 𝑘𝑖5(𝑥2𝑎 + 𝑑̂1)

),  (83) 

where k51 and k52 are design parameters that are positive (𝑘51 > 0, 𝑘52 > 0). 

Let us review the expressions for error z52 and reference x2ref based on the computation in the 

previous section, 

𝑧52 = 𝑥2𝑎 − 𝑥2𝑟𝑒𝑓.         (84) 

The stabilizing function is expressed as follows: 

𝑥2𝑟𝑒𝑓 = −𝑘51𝑧51 − 𝑑̂1 − 𝑘𝑖5. 𝑥1𝑎.       (85) 

According to the previous section, the derivative of z51 and z52 is equal to 

𝑧̇51 = 𝑧52 − 𝑘51𝑧51,         (86) 

𝑧̇52 = −𝑧51 − 𝑘52𝑧52.          

Now we select the Lyapunov function 

𝑉5 = 𝑉4 + 0.5𝑧51
2 + 0.5𝑧52

2 .        (87) 

The derivative of the Lyapunov function is calculated by the following expression 

𝑉̇5 = −𝑘11𝑧11
2 − 𝑘12𝑧12

2 − 𝑘21𝑧21
2 − 𝑘22𝑧22

2 − 𝑘31𝑧31
2  

−𝑘32𝑧32
2 − 𝑘41𝑧41

2 − 𝑘42𝑧42
2 + 𝑧51𝑧̇51 + 𝑧52𝑧̇52.     (88) 

By replacing (86) in (88), we obtain the derivative of the Lyapunov function 

𝑉̇5 = −𝑘11𝑧11
2 − 𝑘12𝑧12

2 − 𝑘21𝑧21
2 − 𝑘22𝑧22

2 − 𝑘31𝑧31
2        

−𝑘32𝑧32
2 − 𝑘41𝑧41

2 − 𝑘42𝑧42
2 − 𝑘51𝑧51

2 − 𝑘52𝑧52
2 .     (89) 

The derivative of the Lyapunov function is negative, which proves that the system is stable. 

Figure 9 depicts the process of observing d1 and d2 disturbances using the ESO and controlling 

the DC load voltage by employing the proposed control technique. 

To ensure voltage and frequency stability in the proposed hybrid renewable-based DC microgrid, 

the IB controller is designed to regulate the common DC bus voltage while coordinating the operation 

of PV, wind, and battery subsystems. The inclusion of integral action eliminates steady-state errors, 

thereby guaranteeing tight voltage regulation under both generation and load variations. In grid-

connected operation, frequency stability is preserved by ensuring that the inverter output remains 

synchronized with the grid through appropriate control of the DC-AC conversion stage. The nonlinear 

observers further enhance robustness by providing accurate state and disturbance estimation, which 

allows the controller to compensate for fluctuations in renewable generation and load demand. By 

combining these mechanisms, the proposed framework ensures stable voltage and frequency dynamics 

across a wide range of hybrid system operating scenarios. 
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Figure 9. IB regulation of DC load voltage ethics approval of research. 

6. Simulation results 

The simulation results were used to validate the suggested IB. The configuration of the test system, 

that is, a DC microgrid, was considered for this purpose. Using DC-DC converters, the PV, wind, and 

battery sources in the test system depicted in Figure 2 were connected to the DC bus as a DC microgrid. 

Load charge converters are closed-loop DC-DC buck devices that function as CPLs. Under typical 

climatic conditions, the solar PV unit can provide up to 21 kW of power with a desired DC bus 

voltage of 1000 V. It was assumed that the PMSG-based wind farm would have a rated production 

capacity of 21 kW. A 200 Ah capacity lithium-ion battery with a nominal voltage of 500 V was used 

for the BESS. The nominal load requirement of an AC bus is 4.84 kW, whereas that of a DC bus is 25 

kW. The converter switching frequency in the simulation was fixed at 5 kHz. Table 1 summarizes these 

system parameters. Table 2 provides the parameters for both the observers and the IB controllers. 

To improve reproducibility, the hardware and software environment used in this study is explicitly 

described. All simulations were conducted in MATLAB/Simulink R2023a on a workstation equipped 

with an Intel Core i7 processor (3.6 GHz) and 32 GB RAM, providing sufficient computational capacity 

for high-fidelity switching and nonlinear dynamic modeling. The ode45 solver with variable step size 

was used, with a relative tolerance of 1×10⁻⁶ and an average control sampling time of 1×10⁻⁴ s, 

corresponding to the converter switching frequency of 5 kHz. The PV, wind, and battery subsystems 

were integrated with their respective DC–DC converters and load converters using standard Simulink 

power electronics blocks. Controller and observer parameters (Table 2) were implemented through 

embedded MATLAB functions, and modularity was ensured via subsystem-based signal routing. 

Initial conditions—such as PV open-circuit voltage, wind turbine angular speed, and battery state of 

charge—were defined according to typical operating values, while time-varying disturbance profiles 

(irradiance and wind speed variations) were applied externally to test robustness. 
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Table 1. Test system specifications. 

Parameter Value Parameter Value 

PV generator Cables 

Max PV power (PPv_max) 21 kW Resistor (rC1 = rC2 = rC3) 0.1 Ω 

Max PV voltage (UPv_max) 261 V Inductor (LC1= LC2= LC3) 10 mH 

Max PV current (IPv_max) 80.85 A DC Bus 

Open-circuit voltage (Voc) 326.7 V DC bus voltage (Uref) 1000 V 

Short circuit current (Isc) 86.24 A DC Bus Capacitor (Cdc) 5000 µF 

Wind turbine Buck converter 

Power coefficient (Cp) 0.43 Inductors (L5) 10 mH 

Max wind power (Pw_max) 20 kW Capacitor (C5) 1000 µF 

Blade radius (R) 4 m Load Resistance (RL2) 10 Ω 

Battery Nominal output voltage (Us2) 500 V 

Battery nominal voltage (UB) 500 V Single phase inverter 

Battery rated capacity (CB) 200 Ah Inductors (L4) 3 mH 

Quadratic boost converter RMS output voltage (Us1_RMS) 220 V 

Inductors (L1) 10 mH Capacitor (C4) 500 µF 

Inductors (L) 10 mH Load Resistance (RL1) 10 Ω 

Capacitor (C11) 500µF Buck-boost converter 

Capacitor (C12) 500µF Inductors (L3) 10 mH 

Capacitor (C13) 20µF Capacitor (C31) 100 µF 

Boost converter Capacitor (C32) 20 µF 

Inductors (L2) 10 mH   

Capacitor (C21) 1000µF   

Capacitor (C22) 20µF   

Table 2. IB controller, observer, and MPPT parameters. 

Integral 

Backstepping 

controller 

k11 k12 ki1 

Observers 

EHGO 

1 100 100 𝜀1 10-5 

k21 k22 ki2 𝜀2 10-5 

1 100 1000 𝜀3 10-4 

k31 k32 ki3 𝜀4 10-4 

1 200 100 NDO 

k41 k42 ki4 l11, l12 -1000, 0 

1 100 1000 l21, l22 -1000, 0 

k51 k52 ki5 l31, l32 -1000, 0 

1 100 100 ESO 

   𝛾1 =  500 𝛾2 =  1500 

MPPT (step) PV D0 10-4 Wind D 5.10-4 

To ensure transparency in parameter selection, the following considerations were applied: 
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• Renewable source ratings: PV and wind generators (21 kW each) were selected to represent 

a balanced medium-scale hybrid microgrid, consistent with benchmark studies in DC microgrids. 

• Battery capacity: A 200 Ah lithium-ion battery (500 V) was used to handle peak load 

variations and ensure reliable energy buffering without excessive depth of discharge. 

• DC bus nominal voltage and switching frequency: The 1000 V bus voltage and 5 kHz 

switching frequency were chosen in accordance with institute of electrical and electronics engineers 

(IEEE)-recommended practices for medium-voltage DC systems. 

• Controller gains: Gains for the IB strategy were first derived based on Lyapunov stability 

conditions to guarantee convergence. These values were then refined using a hit-and-trial tuning 

procedure in simulation, ensuring minimal overshoot, fast settling, and stable operation across all 

operating conditions. 

• Sensitivity analysis: A ±10% variation in inductances, capacitances, and load levels was 

applied to confirm robustness. The controller consistently maintained voltage regulation and 

disturbance rejection under these variations. 

This methodology ensures that parameter selection is transparent, practically motivated, and 

robust to uncertainties in system components. 

It is important to note that the proposed controller was tested under varying load resistance and 

external disturbances to reflect real-world uncertainties. The inclusion of disturbance terms 𝑑1(𝑡) and 

𝑑2(𝑡) in the model ensures that the controller performance accounts for parameter fluctuations, while 

the ESO successfully mitigates their effects. Simulation results confirm that voltage stability is 

preserved despite these uncertainties. 

The simulation process begins with the PV generating unit, which stabilizes the DC bus voltage 

of the proposed microgrid. Subsequently, the BESS, DC load, AC load, and wind generator are 

sequentially activated. The proposed framework supports a variety of operating scenarios; however, 

for clarity, two representative cases are selected to demonstrate the effectiveness of the designed IB 

controller in comparison with the conventional backstepping method [66] for DC bus voltage 

regulation while supplying power to the loads: 

• Case 1: Controller performance under varying generation conditions. 

• Case 2: Controller performance under varying load requirements. 

Case 1: The controller's performance when the generated power varies. 

To evaluate the effectiveness of the proposed controller, this case study considered the fluctuating 

irradiance in the solar PV unit (Figure 10(a)) and varying wind speeds (Figure 10(b)) of the PMSG. 

Additionally, it was assumed that the AC demand (4.884 kW) and DC load (25 kW) remained constant. 

The responses from the two regulators are nearly the same, and Figure 10(c–e) show that the PV 

voltage, mechanical generator speed, and output rectifier voltage follow the references provided by the 

MPPT algorithm. The DC load terminal voltage was set to 500V (Figure 10(i)), while the AC load 

terminal voltage (Figure 10(g)) was set to an RMS value of 220V. However, as shown in fig.10(f), the 

response of the common bus voltage differed between the proposed and standard commands. During 

the simulation, the DC bus voltage created by the traditional control is more inaccurate than the voltage 

provided by the recommended control; however, this inaccuracy reduces after 1.5 seconds. A 

comparison of the accuracy of the suggested and traditional controls is presented in Table 3. This table 

unequivocally demonstrates that the DC bus voltage accuracy of the proposed control is higher than that 

of the conventional control. As previously mentioned, all the control methods reviewed result in nearly 

equal voltage responses at the terminals of the AC and DC loads, with the exception of the static error, 
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which in the case of traditional backstepping control is 2.2V in the Us2 voltage response (Figure 10(i)). 

Furthermore, because the irradiance value of the PV unit is set at 1000 W/m2 and the PV output power 

is 21 kW, it is assumed that it operates initially under normal weather conditions. This process 

continues until t = 0.5 s. However, the wind speed was 12 ms−1 before t = 1.5 s, and the PMSG-based 

wind farm generated 21 kW of power at this wind speed. Consequently, the DC bus's overall output 

power over the 0–0.5 s timeframe is 42 kW, whereas the entire load demand is 29.84 kW, showing 

that extra power is available. The battery can store additional power. As long as the power does not 

exceed the battery's maximum charging limit, the remaining 12.16 kW will be stored by the battery. 

As shown in (Figure 10(j)), this is apparent in the power profiles of the different components until t 

= 0.5 s. Irradiation falls from 1000 to 800 W/m2 between 0.5 and 1s, solar power declines to 17 

kW, wind power remains at 21 kW, and the total power generated is 38 kW compared to the total 

demand of 29.84 kW. The battery stores the 8.16 kW of excess power. The irradiance drops from 800 

to 600 kW in 1 to 1.5 s, PV power increases from 17 to 12.8 kW, wind power stays constant at 21 

kW, total power output is 33.8 kW, and total demand stays constant at 29.84 kW. The battery stores 

the 3.96 kW of excess power. Between 1.5 and 2 s, the irradiance stays constant at 600 W/m2, the solar 

power stays at 12.8 kW, the wind speed drops from 12 to 10 m/s, the wind power drops from 21 kW 

to 12.2 kW, the total power produced is 25.3 kW, and the total load power is 29.84 kW. The battery 

supplies a 4.84 kW of the power deficit. Between 2 and 2.5 s, the irradiance is constant at 600 W/m2, 

solar power is 12.8 kW, wind speed falls from 10 to 8 m/s, wind power decreases from 12.2 kW to 6 kW, 

total power output is 18.2 kW, and total power demand from DC and AC loads is 29.84 kW. The battery 

supplies an 11.64 kW power deficit to maintain power balancing. The actual and observed powers and 

currents are shown in Figure 10(k) and 10(l), respectively. It is important to note that the observers 

exhibited superior performance. The power and current observation errors were minimal throughout 

the simulations. 

Table 3. DC bus voltage accuracy |∆𝑈 𝑈⁄ | =  100. |
𝑈𝐵𝑢𝑠−𝑈𝐵𝑢𝑠−𝑟𝑒𝑓

𝑈𝐵𝑢𝑠−𝑟𝑒𝑓
| for irradiation & speed change. 

Time (s) 𝑃𝑏 (kW) 
𝑈𝐵𝑢𝑠−𝑟𝑒𝑓  

(V) 

Conventional control [66] Proposed controller 

|
𝛥𝑈

𝑈
|% 

𝛥𝑈

𝑈
 % 

0 to 0.5s -12.16 986.48 2.89 0.65 

0.5s to 1s -8.16 974.48 3.38 0.1 

1s to 1.5s -3.96 961.88 4 0.1 

1.5s to 2s +4.84 935.48 1 0.1 

2s to 2.5s +11.64 915.08 1.58 0.32 
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(a) Irradiation (b) Wind speed 

  

(c) PV voltage (d) Generator speed 

  

(e) Output rectifier voltage (f) DC bus voltage 

  

(g) AC load voltage (h) zoom of AC load voltage 

Figure 10. Simulation results for irradiance and wind speed changes. 
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(i) DC load voltage (j) Powers 

  

(k) Observed powers (l) Observed current 

Figure 10. Continued. 

Case 2. The performance of the controller varies with the load requirement. 

It is commonly known that variations in load demand are common in power systems, 

particularly in the context of MG operation. Considering this, the change in the DC load demand 

power is considered in this example scenario to demonstrate the efficacy of the suggested controller 

(Figure 11(a)). In this case study, the PV source produced 21 kW of power, which was also equal to 

that of the wind power source because the irradiation was assumed to be constant at 1000 W/m2, the 

temperature was 25 °C, and the wind speed was 12 m/s. These conditions persisted until t = 2.5 s, as 

shown in Figure 11. Because the AC load value is constant at 10 Ω and the voltage at its terminals is 

regulated to an RMS value of 220V (Figure 11(f)), the AC load uses 4.84 kW of electrical power during 

the simulation. The DC load terminal voltage is controlled to 500V (Figure 11(h)), and the DC load 

requirement is 25 kW prior to the transient, that is, t = 0.5 s, as shown in Figure 11(j). Under the test 

conditions, the PV voltage is regulated at 261V (Figure 11(b)), the wind source speed is 32.2 rad/s 

(Figure 11(c)), and the output rectifier voltage is regulated at 628V (Figure 11(j)), which means that 

both the PV and the wind source operate at full power. For most signals, as shown in the previous test, 

it is difficult to discern a difference in performance between the conventional and the proposed control. 

For conventional backstepping control, the phase-transition regime shows a PIC in the output rectifier 

voltage, which is where the difference lies. Contrary to the conventional control, for the IB controller, 

the common DC bus voltage is also steadier and without errors compared to the desired value shown 

in Figure 11(e). Table 4 presents a comparison of the accuracy of the proposed control and traditional 

control, following the same methodology as in the previous test. This table unequivocally demonstrates 

that the DC bus voltage accuracy of the proposed control is higher than that of the conventional control. 

When the proposed command is used, the DC output voltage fluctuates slightly around the desired value. 

However, when the standard command was used, the deviations were larger, as shown in Figure 11(h). 
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Furthermore, simulations for traditional control were performed for comparison to confirm the ability 

of the proposed method to reject disturbances. Here, the load variation of the resistance was considered, 

specifically for the DC load change profile, as shown in Figure 11(a). Figure 11(h) shows that the 

proposed controller improves the closed-loop system's ability to reject disturbances. 

  
(a) DC load change (b) PV voltage 

  

(c) Generator speed (d) Output rectifier voltage 

  
(e) DC bus voltage (f) AC load voltage 

  

(g) Zoom of AC load voltage (h) DC load voltage 

Figure 11. Simulation results for DC load changes. 
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(i) Powers (j) Observed powers 

 

(k) Observed currents 

Figure 11. Continued. 

Table 4. DC bus voltage accuracy for DC load change. 

Time (s) 𝑃𝑏 (kW) 𝑈𝐵𝑢𝑠−𝑟𝑒𝑓 (V) 

Conventional control [66] Proposed control 

𝛥𝑈

𝑈
 % 

𝛥𝑈

𝑈
 % 

0 to 0.5s -12.16 986.48 2.4 0.4 

0.5s to 1s -20.49 1011.47 2.86 0.29 

1s to 1.5s -12.16 986.48 2.4 0.4 

1.5s to 2s +12.84 911.48 2 0.98 

2s to 2.5s -12.16 986.48 2.4 0.4 

To further substantiate the effectiveness of the proposed IB controller, its performance is 

benchmarked against other control strategies reported in the literature, including SMC [67], PI-based 

voltage regulation [68], adaptive backstepping [69], and FLC [70]. The comparison focuses on three 

critical performance indices—percentage overshoot, settling time of the DC bus voltage, and the total 

harmonic distortion (THD) of the output voltage—under identical test conditions. As summarized in 

Table 5, the proposed IB approach consistently outperforms the benchmark methods, achieving the 

lowest overshoot (0.31%), the fastest settling time (0.01 s), and a significantly reduced THD (1.8%). In 

contrast, PI and Sliding Mode controllers exhibit higher distortion levels, with PI reaching THD values 

as high as 12.7% in certain test intervals, while SMC maintains THD in the range of 1.2%–4.7%. 

Adaptive backstepping and FLC also show moderate improvements but remain inferior to the proposed 

approach in both dynamic and harmonic performance. These results confirm that the IB controller not 
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only enhances transient response robustness but also delivers cleaner power quality by suppressing 

harmonic distortion more effectively than existing control methods. 

Table 5. Comparative performance of the proposed controller with recent works in the literature. 

Reference Method 
Overshoot 

(%) 

Settling 

Time (s) 

SSE 

(V) 

THD 

(%) 
Remarks 

[66] 
Conventional 

Backstepping 
0.82 0.20 5.2 3.5 

Baseline method, 

slower and less robust 

[67] Sliding Mode Control 0.65 0.16 3.5 2.4 
Robust but higher 

chattering 

[68] PI Control 1.32 0.23 4.8 3.1 
Slow and higher 

steady-state error 

[69] 
Adaptive 

Backstepping 
0.54 0.12 2.1 2.0 

Sensitive to parameter 

variations 

[70] FLC 0.48 0.15 1.9 2.6 
Requires extensive 

tuning 

Proposed IB + Observers 0.31 0.01 0.8 1.8 

Fastest response, most 

accurate, disturbance 

rejection 

For completeness and transparency, we note that all benchmark controllers (SMC [67], PI 

Control [68], adaptive backstepping [69], and FLC [70]) were implemented exactly as presented in 

their respective publications, with detailed formulations available in the cited works. To ensure fairness 

in comparison, identical system parameters—including PV/wind/battery ratings, DC bus nominal 

voltage (1000 V), switching frequency (5 kHz), and load variation profiles—were applied across all 

cases. Performance indices such as percentage overshoot, settling time, steady-state error, and THD 

(%) were uniformly measured. This ensures that the comparative study is both rigorous and directly 

aligned with prior literature while avoiding redundancy. 

Now, let us examine the microgrid power balance during the simulation. Between 0 and 0.5 s, 

the combined power output of the sources is 42 kW, of which 25 kW is used by the DC load, 4.84 

kW is required by the AC load and 12.16 kW of the excess power is routed to the battery for storage 

(Figure 11(i)). Between 0.5 and 1 s, the total power generated by both sources remains at 42 kW, 

the power consumption of the DC load drops to 16.666 kW, and the AC load's power demand stays 

at 4.84 kW. The battery stores the 20.49 kW of extra power. The load recovers to 10 Ohm in the 

interval of 1 to 1.5 s, and the numerical power values are the same as they were in the interval of 0 

to 0.5 s. Between 1.5 and 2 s, the total power produced remains at 42 kW, the DC load power r ises 

to 50 kW, the AC load power requirement stays at 4.84 kW, and the battery supplies a 12.84 kW power 

deficit. The DC load recovers to its nominal value in the interval 2s to 2.5s, and the power quantity 

involved are the same as those in the intervals 0 to 0.5 and 1s to 1.5s. It can be noted that there is nearly 

no difference between the actual and observed values of currents and powers (Figure 11(j) and (k)). 

As noted in the previous test, this observation was recorded and it was demonstrated that the 

implemented observers provided a higher quality image of the observed signals, as evidenced by the 

speed and small error between the observed signal and its real signal. 
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7. Conclusions 

This study introduces an integral backstepping controller to ensure the dynamic stability and 

sustainability of DC microgrids. The proposed controller is developed by analyzing power variation 

rates associated with system states and applying Lyapunov energy theory, which guarantees robust 

dynamic stabilization. Unlike conventional backstepping control, the IB approach is specifically 

designed to achieve finite-time stability, thereby improving control accuracy. Comprehensive 

simulations under diverse operating conditions validate the theoretical findings. The results confirm 

that the proposed controller effectively maintains power balance among the PV system, permanent 

magnet synchronous generator, and battery energy storage system, while ensuring that the DC bus 

voltage remains within the desired range. 

The key conclusions of this work are as follows: 

• The controller successfully regulates the common DC bus voltage, optimizes power output 

from PV and wind sources, and stabilizes voltage levels at DC and AC load terminals, even under 

challenging conditions such as sudden load changes and power fluctuations. 

• The proposed system effectively observes and monitors currents and power requirements with 

high accuracy, ensuring reliable system performance. 

• Simulation results demonstrate that the proposed control strategy outperforms traditional 

methods, delivering significantly improved accuracy and dynamic performance. 

This study highlights the potential of the IB controller as an efficient and reliable solution for 

managing the complexities of DC microgrids. The main advantages of the proposed control scheme 

include: (i) robustness against load uncertainties and disturbances, (ii) improved dynamic performance 

compared to traditional backstepping, and (iii) reduced sensor requirements due to observer-based 

estimation. Nonetheless, certain limitations should be acknowledged. The design requires careful gain 

tuning, which may increase implementation complexity.  

Building upon this research, future efforts will focus on developing a laboratory-scale microgrid 

testbed to experimentally validate the proposed controller, investigating its performance under 

hardware non-idealities, communication delays, and real-time uncertainties. 
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