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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].

PV generator

DCBUS

DC

DC

DC
AC AC LOAD
7>
A | B
t( 78Y v | ac
-~
- be Py
;
DC LOAD
Battery DC
Py

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]:

Wpv _ o _ 11

dt Ci1 Ci1’

dILl _ Up‘U _ (1—0!1).UC12

dt Ly Ly >
aly, _ Uciz  (1-a1).Upy 1
dt L L ’ (1)
AUci2 _ _ I + (A-aq).dpg

dt Ciz Ciz
dUOl _ 10_1 + (1—(11).IL

dt Ci3 Ciz

where the currents in the PV source, L1 inductor, and L inductor are Ipv, IL1, and I, respectively. The
voltage across capacitor Ciz is represented by Uci2 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 Ilo1. At the input and output of the QBC, the
capacitors are denoted by Ci1 and Cis, respectively. Following pulse-width modulation (PWM), the
power switch is controlled by duty cycle a1, 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]:

Py =5p.m.Cy(4, B). R2.V?, )

where V is the wind speed, C; is the power coefficient, R is the turbine radius, and p is air density. The
pitch angle and relative speed are denoted as 3 and A, respectively. In this study, we used a pitch angle
of zero (f = 0).

The following equations describe the operation of the boost converter associated with the wind
source [43]:

AUdc _ lac _ IL2
( dt Cy1  Cyq

dlLz _ Ugc  (1-a3).Uo;

at L L, ' 3)
AUoz _ _ Ioz + (1-az).dp,
dt Caz Coz '

where l4c 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 Ir2 and a2, respectively. The input and output of the boost
converter are capacitors, denoted by Ca1 and Cz2, 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.

SOC, =SOC, +Qi [andz, (4)
b

where Qb, np are battery capacity and ampere hour efficiency, and /», SOCs, and SOCo 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]:

dup _ 1Ip IL3
dt C31  Cs3q
dIL3 _ ﬂ _ ag.U03

dt L Ly ’ (5)
th03 — _los + a3
dt Csz C3p

where Us and Ib represent the battery voltage and current, respectively. lo3 and Uos 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 Csz, respectively. I3 and o3 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],

AUsi _ IL_4 _ Us1

dt €, C4Rp{ (©)
dlps _ Upys-(2.04—-1)  Usy’®

where Usus and Usi refer to the DC common bus voltage and the voltage across the AC load,
respectively. The AC load is represented by Ri1 and the capacitance at the AC load terminal is Ca. L4
inductance current and duty cycle are represented by IL4 and aa, 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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AUsz _ Is _ _Us2
dt Cs  Cs.Rpp %)
dips _ Upus(as—1) _ ﬁ

- )

dt Ls Ls

where Us2 denotes the Ri2 load-terminal voltage. The Ls inductance current and duty cycle are
represented by ILs and as, respectively, and the capacitance at the DC load terminal is Cs.

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 Cqc is a component of the standard DC bus. The following
equations represent the DC bus capacitor and link cable models [25-38]:

dlp1 _ Up1 UBus Te1- lo1

dt Leg Leq Leq

b

dloz Uo2 Upus Te2- lo2

dt Lz Lea Lea

b

dlyz Uos _ UBus _ Tc3- lo3

2

dt Lcs Lcs Lc3
AUBus _ lo1 | loz , los _ (2y=1). s _ Qs.11s (8)
dt Cac Cac Cac Cac Cac ’

where r.i and Lci represent the cable's equivalent resistance and inductance (i € {1, 2, 3}), respectively,
and the DC bus capacitance is Cac.

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 I,y =0. Disturbance I,v is added to the system to construct an EHGO, that is,

. = I
.pv Ci1 Cip, 9)
Iy, =0
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The augmented system mentioned above can be used to create an EHGO [35],

~ Tow

_ v Il 2 _
Opy = 2= 2+ - (Upy = Upo)

Iy = E(Upv - ﬁpl’)

pv T 2
€1

; (10)

where €1 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 Upv.

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].

Observe T,,(k), measure Uy, (k)

l

Calculate Ppy(k) = Tov(K) * Upu(k)
dP = P (k) - Pulk-1)
dU =Upv(k} - UD\-‘[k'l)

L4

Urefl(k) = Urefl(k‘l) +Dg Urefl{k] = Uref:l(k‘ll -Dg Urefl(k] = Urefl(k'u +Dg Urefl[k) = Urefl[k'l) -Dg

! l

Pou(k-1) = Pyy(k)
Upu(k-1) = Upu(k)
Urefl(k'l} = Urefl(k]

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

b

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, zi1:

Z11 = Upv - Urefl + kilf Upv - Urefl- (11)

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



18372

The parameter ki1 is arbitrary (kii € R) and Urer1 is the reference of PV voltage.
Deriving z11 with respect to time and accounting for (1),

) . Ly I .
Z11 = Upv - Urefl + kil(Upv - Urefl) =211 Urefl + kil(Upv - Urefl)a (12)

Ci1  C1a

where IL1 is the virtual control input. Such an equation shows that one gets (Z;; = —kq1211), and
k11>0 is a design parameter.

Taking into account (Ure 1= 0), the stabilizing function is expressed as follows:

Irefl =ky1C11211 + Ipv + kiq. C11. (Upv - Urefl)- (13)

The difference between the inductor current and its reference is expressed as:
Z1p = I — Lreg1- (14)

Now, replacing iL1 with (z12+]ref1) in (25) yields

. Ipy e
Z11 = 2 — M + kil(Upv - Urefl)- (15)

C11 C11
By replacing Eq (13) in (15), we obtain

Z11 = —Kk11211 — %i (16)

Step 2. Now, let us examine the behavior of the error variable zi2. Equations (1) and (13) were
used to obtain the error derivative of zi2:

i . . Upy Ue
Zip = I — lrep1 = ﬁ - L_iz(l —ay) — Lref1- (17)

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

jrefl = k11C11-Z11 + ipv + kip. Cyy. (Upv - Uref1)~ (18)

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

. Iy I
Lyepr = —ky1C11- (k11Z11 + %i) + 1, + ki1 Ci1- (i - i) (19)

By replacing (17) in (19), we obtain the following expression for the error derivative of zi2:

. Upy Ug .
Z1p = f - L_iz (1 —ay) + kg1 Ch5. (k11Z11 + ?Tj) - Ipv — Kis. (Ipv - [Ll)- (20)

Now we select the Lyapunov function

V, = 0.5z2, + 0.522,. 1)
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The derivative of the Lyapunov function is calculated by the following expression:
V1 = z11711 + Z12215. (22)

Using the expressions (20) and (22), we obtain the expression for the Lyapunov function derivative
V= ~kq12f1 — k1228, + 245 (_ %i + k12215 + 212), (23)

where ki2 is a positive design parameter (kq, > 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

Z1p = % — K12715. (24)

By substituting the current Ipy with its observation Ipv and using (20) and (24), the expression of the
duty cycle, which allows asymptotic convergence to zero of the errors z11 and z12, is

L z Upv z R »
a;=1-— U;( o+ gz + 5+ ke (k11211 + C—j) — Iy — kg (L — 1L1)>. (25)

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

PV generator

Quadratic boost converter

DC
| DC T
Uq
PWM
ay
ILl —
EHGO
Upy _ .
I-backstepping —— I11
v Controller | U,,,
: J
4 P& urefl l
MPPT Uy
U,, ]

Figure 4. PV Voltage regulation based IB control technique.

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



18374

3.2. Integral backstepping control for wind power maximization
3.2.1. Extended high-gain observer design of l4c 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.ldc). It seems sensible to conclude that (idc = 0)

based on the study of the high-gain observer for the PV current in the previous section. Disturbance
Ide is added to the system to construct an EHGO, that is,

v o—ldc _ Iz
I'ldc T Cy C21, (26)
lye =0

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

= id I 2 =
Uge = ai_CLTz-l'g(Udc - Udc)
: ! ) (27)
~ C ~
lge = gigl(udc - Udc)
where €2 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 U,.

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]:

33 3
Uge = T-lpm-ﬂe - ;Xsldc- (28)

The amplitude of the flux linkage in the stator caused by the permanent magnet in the rotor is denoted
as ym, where Qe and ldc are the electrical speed and rectifier output current, respectively, and Xs is the
generator reactance.

Electrical speed is expressed by

0,=P.0,, (29)

where P denotes the number of pole pairs.
The synchronous generator reactance Xs is given by

X, =L.P.0,, (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

Ude = O (22 9 P = 2P. Ly ). 31)

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

33 3
Urerz = Drer- (2 . P = 2. P. ledc). (32)

The following input error is introduced:

Zyy = Uge — Urefz + kizf Ugc — Urefz» (33)

where the parameter ki is arbitrary (kiz € R).

Measure Qm(k), V(k)

l

Calculate P,,(k) - Eq.6
dp = Pw(k] - Pw(k’ll
dQ =0 (k) — Qm(k-1)

Orer(k) = Qrer(k-1) + D Orerk) = Qres(k-1) - D Qreilk) = Qres(k-1) + D Qrerk) = Qrerlk-1) - D

l l

Pu(k-1) = Pulk)
> Qnlk-1) = Qnk)
Orer (k’l} = Orer (k]

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 Iac with its observed Iqc. This is similar to the design of the PV voltage IB control,

02 C21

L U R R
a, =1-— U_2<_22_1 + k.25, + L_dzc + k21Coq (k21221 + %) = lgc — Kiz. (Idc - ILZ)): (34)
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where k21 and k22 are design parameters that are positive (k,; > 0,k,, > 0).
Let us review the expressions for error z22 and reference Irer2 based on the computation in the
previous section,

Za2 = I — Irefa.

The stabilizing function is expressed as follows:
Irefz = k31031221 + lgc + kiz. Ca1q. (Udc - Uref2)~ (36)
According to the previous section, the derivative of z21 and z22 are equal to
. _ Zyp k I _ Zyq k 37
Zo1 = T T Ka1Zans Zpp = T KazZz. (37)
21 21

Now we select the Lyapunov function
V, =V, +0.5z% +0.5z2,.
The derivative of the Lyapunov function is calculated by the following expression
V, = —ky12f1 = k12285 + 231221 + 23222, (38)
By replacing (35) and (36) in (38), we obtain the derivative of the Lyapunov function
V, = —ky12f1 — k228, — kp1251 — k2223, (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.

Wind generator Diode
Rectifier Boost converter
DC DC
AC DC T
Up
o |
a
ILZ —_—
U, __.| EHGO
|

R I-backstepping Iz
1.
dc Controller Us2

Figure 6. IB control to maximize wind power.

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



18377

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 Iv. This is because optimizing for Iv estimation is sufficient to

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

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

U, =1b I
.” C31  Car, (40)
Ib = O

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

= ib I 2 =
Ub =a—£+g(Ub - Ub)
: , (41)
~ C ~

I, =3 (U, — Up)

3

where €3 is a positive constant that must be chosen as minimal as feasible to obtain a quick estimate.
To estimate the battery voltage Us, use the notation U,,.

4.2. Constructing the nonlinear disturbance observer for estimating PV power

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

% = f100) + g11(x).uy + g12(x). Py, (42)

where f1(x), g11(x), and gi2(x) are smooth curves with respect to the state quantity x1, ui is the system
control input, and P is its output.
Refer to Eq (57) using the general model of the system as follows:

. xlz 0
X11) _ _ _ -1
(5512) = <Uc12 Uc12L Uo1 +1, IL 101> + <Uc12Uo1 _ It >u1 + ( 0 ).P1a (43)

Ci3 L C13
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X12 0 1
where fl(x) = <U Uc12—-Uop1 +1, IL_101> . gll(x) = (UC12U01 _i) R glz(x) = ( 0 ), P, =
L

c12 Cra . n
1
x =(L.I? + C;3U?
U01101’ (xll) = (2( L 13 Ol))a L1 = [lll llZ]-
12 1LUcq;
Next, the NDO in Eq (43) is created as follows:

Wy = —L1g1,(0)wy — L1[g12(x). Po(x) + f1(x) + g11 (X)) uy],
Py =w; +P,(x), (44)

where L1 is built as follows, w1 is the observer's internal state, and P,(x) is a nonlinear function that
has to be designed  in the observer.

__ 0Py

1= 5 (45)
The expression for the observed perturbation is obtained by substituting gi1, gi2, Pa, and Li,
Wy = Lawy — L[ Uiz — Liaxyg — Laxasl,
131 =wy + Ligx11 + Ligxg,. (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 Pi in the preceding section [62,63].
For the disturbance observer, the nonlinear system model employed was

Xy = fo(x) + g21 (). uz + g22(X). Py, 47)

where f2(x), g21(x), and g22(x) are smooth curves with respect to the state quantity x2, uz is the system
control input, and P2 is its output.
Refer to Eq (47) using the general model of the system as follows:

(’aZl)— P o (o +(7h.p 48
xzz_ﬁ‘l'Idec L2 _ Yo2Ydc Uy o/ "2 (48)

C21 L2

X22 0 1
where  f,(x) = <Uic+IL2 IdC‘ILZ) , ga(x) = <__U02Udf> , ga2(x) = ( 0 ) » Pr= Uplyy

Ly Cr1 Ly
1 2 2
(XZ1) - <2 (aliz + C22U02)>’ L, = [l Lol
X2z I.2Uac
Next, the NDO in Eq (48) is created as follows:
Wy = =Ly G2 ()W — Ly[g22(%). Pp(x) + f2(x) + g21(0)u5], (49)

P, = w, + Py(x),
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where L2 is built as follows: w2 is the observer's internal state, and Py(x) is a nonlinear function that
must be designed by the observer,

Py

L =" (50)
The expression for the observed perturbation is obtained by substituting g1, g22, Pv, and Lo,

Wy = lp1wy — b1 [l12Uac — L2121 — l22%32],

Py = wy + lpyxas + LpoXo. (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

X3 = f3(x) + g31(x). uz; + g32(x). Ps, (52)

where f3(X), g31(x), and g32(x) are smooth curves with respect to the state quantity x3, us is the system
control input, and Ps3 is its output.
Refer to Eq (52), using the general model of the system:

sy X32 0 _1
(5632) =L + I3 bl )+ - U03Ub> Usy + ( 0 )'P3’ (53)

Ly C31 Ly

X32 0
-1 X
where f3(x) = <Z_§+ IL3 Ib—IL3)a 931(x) = <_ M)a g32(x) = ( 0 )’ P3 = U03IO3’ ( 31) =

ot Ls X32

1

= (L3l% + C3,UZ

(2( 31L3 32 O3)>’ L3 — [l31 l32]-
I13Up
Next, the NDO in Eq (53) is created as follows:
W3 = —L3 g3, (X)wz — L3[g3,(x). P.(x) + f3(x) + g31(X)us],
Py = ws + P (%), (54)

where L3 is built as follows: w is the observer's internal state, and P¢(x) is a nonlinear function that
must be designed by the observer.

y =2 (55)
The expression for the observed perturbation is obtained by substituting g31, g32, Pc, and L3,
W3 = 31wz — l31[113Up — l31%31 — l32X32],
Py = w3 + I31x31 + I32%3,. (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, ldac, and Iv current, it is reasonable to infer that (PL = O). Based on (8), the disturbance PL

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

. 2 2
X = C_(UBus-Iol + Upys-loz + UBUS'IO3) - C_PL
dc dc s

: (57)
P,=0
where the DC bus voltage square is denoted by the variable x. (x = UZ,;).
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 (Ugysly1), (Ugysloz), and (Ugysl,ys), accordingly. We obtain

P = va = Upyslor
P, =By, = Upysloz - (58)
P3 = P, = Ugyslys

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

f :i(P1+P\2+p3)_ipL+i(x_f)
Cdc Cac €4
: (59)

A~

PL=%(X_5C\)
4

where €4 is a positive constant that must be chosen as minimal as feasible to obtain a quick estimate.
To estimate x, use the notation X.

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:

.2 2
= (Pyy+Py+P,—P) = Pt f1(Pys, P, PL). (60)
Considering the simplistic assumptions mentioned above and neglecting the change in battery

current (i p = 0), the battery power derivative is expressed by
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. UpU,
Pb=_ bYo03

caz + fo(Ip, 113, Up), (61)

2 12 Il Uz
where f1(Pyy, Ry, PL) = ?“(va‘FPw —P,) and f,(Iy, I3, Up) =EIJ1_%+L_:'

By employing Eq (58), the DC bus voltage reference is obtained from the droop control
output [42,48,57,62]:

UBus—ref = Uref —m. p3a (62)

where m denotes the droop control coefficient, and Urer is the voltage reference value prior to droop
control.
The following input error is introduced:

Z31 =X — Xypef T ki3f X = Xref> (63)

where Xpef = Upys_re s and the parameter ki3 is arbitrary (ki2 € R).

By employing Eq (58), the powers Ppy, Pw, Po, and P are replaced with P;, P,, P; and P,
respectively. Current I was replaced with the observed value Iv. We derive the duty cycle equation for
DC bus regulation, as in earlier sections.

U

Z31 4 I§  Iplis 5 k Cac k Z32
G, TRa2Zz2 ¥ o m e (TRaZs T

C31 C31 C31

o L ; (64)
+kis. (P + P2+P3—PL)+<P1+P2—PL>

where k31 and k32 are design parameters that are positive (ks; > 0, k3, > 0).
Let us review the expressions for error z32 and reference Prer based on the computation in the
previous section.

Z3y = Py — Prey. (65)

The stabilizing function is expressed as follows:

2 Cac
Prep = — (k31Z31 + E(va + Py = Pu) + kiz. (x — xref)) Td' (66)

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

2.232 2'231

73y = Cac — k31231, Z3p; = Cae k3223;. (67)
Now, we select the Lyapunov function
V3 == V2 + 0.52'331 + 0.523%2. (68)

The derivative of the Lyapunov function is calculated by the following expression
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Vs = —ky128y — kyoz2y — k1231 — kpoz2y + 231231 + 23573, (69)
By replacing (67) in (69), we obtain the derivative of the Lyapunov function
V3 = —k112121 - k122122 - k212221 - k222222 - k31Z§1 - k322§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.

Buck-boost converter
o=

DC

Battery ® @ © e ==

R B Xref Upys—rer | Droop 5,
Uetz NDO Control
Uol — X

[ UBus

N B
EHGO P,

Py

U _ i I
Uobs—' NDO ® | EHGO 13
I:Ub

Figure 7. Proposed common DC bus voltage regulation.
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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 Usirer, 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:

Zy = Ugq — siref T ki4f Us1 — Uslrefa (71)

where the AC output voltage reference is Usyrep = Uy sin(w.t) and the parameter kis is arbitrary
(kis € R). (Uy =311V, w = 2.7.f,f = 50Hz).

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

1 L - _241 + k4_2- Z4,2 + _U51 + k4164, k41Z41 - _242 + C4U511"€f + _U51
4 C L C R
ay=-+——| @ s ’ wl(72)

2 2.UBuys I1g Usy ’
—Cp ki (B2 ——2—T
412 Ca Rp1Cs siref
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where Rv1 is AC load resistor, ka1 and k42 are design parameters that are positive (kyq > 0,k,, > 0).
Let us review the expressions for error z42 and reference IL4rer based on the computation in the
previous section.

Zyy = Ipg — Ipgrey. (73)
The stabilizing function is expressed as follows:

Us1
Rp4

IL4ref = —k41€4Z41 + + C4- Uslref - ki4- C4- (Usl - Uslref)- (74)

According to the previous section, the derivative of z41 and z42 are equal to
. _ Za2 e _ Zg1
Zy1 = T k412415 Z4p = — T Ka2Z42. (75)

Now we select the Lyapunov function
V, = V3 + 0.5z, + 0.5z2,. (76)
The derivative of the Lyapunov function is calculated by the following expression
V, = —ky1281 — k1228, — kp1251 — kop23y — k31251 — k3225, + ZanZay + ZazZaz. (77)
By replacing (75) in (77), we obtain the derivative of the Lyapunov function
Vi = —ky1231 — k12285 — kp1231 — kpp25, — k31231 — ksp23, — kaaz3y — kapzg,. (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.

Single phase inverter

AC AC Load
DC BUS [ Us1 | | Ry
DC
UBus U,4
PWM
a4
I-backstepping
Controller Usirer
]‘ 1 1
| | U
Upus Usq Ii4 s1

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 Ri2 in the circuit may
fluctuate continuously [62]. Assumed to be Ro is the nominal value of Rr2. The dynamic model of the
buck converter is inferred based on Eqgs (7) and (8),

dx
d;a = Xq + d1(2),
dXzq _ _  X1a _ X2a
2~ YT e rec T, (79)
_ _ _ s _ U2 _ U2 _ Us :_;[&_
where X1q = Usz UsZref and X2a = Cs Cs.Ro d1 (t) RoCs RL2Cs’ dz (t) RoCs LRoCs
u Upus—U . . .
ﬁ], = W’ Ry2 is the DC load resistor, di(t) and da(t) are disturbances produced by
L2b5 545

uncertainty in the Ri2 load, and Uszrer is the reference voltage Usa.
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 di(t) [57,65],

A

Xiqg = %20 + a1 —¥1(Z1a — X14)» (80)

621 = —Y,(X1q4 — X14)s

where %£,, and %,, are the estimates of x1a and x2a, respectively, d; and d, are the estimate of di
and do, respectively, y; and y,are positive parameters (y; > 0, y, > 0).
The matched disturbance estimate of da(t) is immediately calculated from the d,, provided by

dy
RoCs’

(22:_

(81)

5.2.2. IBregulation 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:

Zs1 = X1 + kis[ %14 (82)

The parameter kis is arbitrary (kis € R).
Similar to the earlier parts, we obtain the following expression for the duty cycle for DC load
voltage regulation:
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X1a X2a

—Zgy — ksy. 255 + — dy — kg1 (—ks1251 + 253)

Uszref_l_ LsCs . LsCs  RoCs

as = , (83)

UBus UBus ”

—dq, — ks (xZa + dl)

where ks1 and ks2 are design parameters that are positive (ks; > 0, ks, > 0).
Let us review the expressions for error zs2 and reference Xarer based on the computation in the
previous section,

Zsy = X2q — Xoref- (84)

The stabilizing function is expressed as follows:
Xoref = —ks1251 — d1 — Kis- X14. (85)

According to the previous section, the derivative of zs1 and zs2 is equal to
Zsy = Zsy — k51251, (86)
Zsy = —Zs1 — Ks2Zs).
Now we select the Lyapunov function
Vs =V, + 0.5z, + 0.52Z,. (87)
The derivative of the Lyapunov function is calculated by the following expression
Vs = —ky128y — kpzfy — k1251 — k223, — k3123
—k32255 — k41251 — kapZi; + 751751 + 2525, (88)
By replacing (86) in (88), we obtain the derivative of the Lyapunov function
Vs = —ky12{1 — k1228, — kp1251 — ko223, — k3125
—ks,22, — ky122 — kypz2, — ko122, — ke,z2 (89)
32232 — Ka1Z41 — K42Z47 51251 52252-

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

Figure 9 depicts the process of observing di 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.

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



18386

DC-DC buck converter
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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 17 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 1x10° and an average control sampling time of 1x10™* 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 (Ppy max) 21 kW Resistor (rc1 = rc2 = rc3) 0.1Q
Max PV voltage (Upv_max) 261V Inductor (Lc1= Le2= Le3) 10 mH
Max PV current (Ipv max) 80.85 A DC Bus
Open-circuit voltage (Voc) 326.7V DC bus voltage (Urer) 1000 V
Short circuit current (Isc) 86.24 A DC Bus Capacitor (Cadc) 5000 pF
Wind turbine Buck converter
Power coefficient (Cp) 0.43 Inductors (Ls) 10 mH
Max wind power (Pw max) 20 kW Capacitor (Cs) 1000 puF
Blade radius (R) 4 m Load Resistance (Rvr2) 10 Q
Battery Nominal output voltage (Us2) 500V
Battery nominal voltage (Us) 500V Single phase inverter
Battery rated capacity (Cs) 200 Ah Inductors (L4) 3 mH
Quadratic boost converter RMS output voltage (Us1 rms) 220V
Inductors (L1) 10 mH Capacitor (Ca) 500 puF
Inductors (L) 10 mH Load Resistance (RL1) 10 Q
Capacitor (C11) 500uF Buck-boost converter
Capacitor (C12) 500uF Inductors (L3) 10 mH
Capacitor (C13) 20uF Capacitor (C31) 100 uF
Boost converter Capacitor (C32) 20 uF
Inductors (L2) 10 mH
Capacitor (C21) 1000uF
Capacitor (C22) 20uF
Table 2. IB controller, observer, and MPPT parameters.

kn ki2 ki EHGO

1 100 100 & 107

ka1 k22 ki2 & 107

1 100 1000 &3 10
Integral ka1 k32 ki3 &4 10"
Backstepping | 1 200 100 Observers | NDO
controller ka1 ka2 kia li1, 112 -1000, 0

1 100 1000 l21, 122 -1000, 0

ks1 ks2 kis 131, 132 -1000, 0

1 100 100 ESO

y; = 500 y, = 1500

MPPT (step) | PV Do 10+ Wind D 5.10

To ensure transparency in parameter selection, the following considerations were applied:
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e 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.

e 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.

e 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.

e 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.

e 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 d;(t) and
d,(t) inthe 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 1B
controller in comparison with the conventional backstepping method [66] for DC bus voltage
regulation while supplying power to the loads:

e C(Case 1: Controller performance under varying generation conditions.

e (ase 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(1)), 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(1)).
Furthermore, because the irradiance value of the PV unit is set at 1000 W/m? 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™! 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/m? between 0.5 and s, 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/m?, 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/m?,
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(1), respectively. It is important to note that the observers
exhibited superior performance. The power and current observation errors were minimal throughout
the simulations.

Upus— UBus—ref

Table 3. DC bus voltage accuracy |AU/ Ul = 100. for irradiation & speed change.

UBus—ref
Conventional control [66] Proposed controller
Time (s) | P, (kW) Ubus-res AU AU
V) - % - %
0to0.5s -12.16 986.48 2.89 0.65
0.5stols -8.16 974.48 3.38 0.1
Isto1.5s -3.96 961.88 4 0.1
1.5sto2s +4.84 935.48 1 0.1
2sto2.5s +11.64 915.08 1.58 0.32
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Figure 10. Simulation results for irradiance and wind speed changes.
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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 Q 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).

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



18392

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.
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Figure 11. Simulation results for DC load changes.
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Table 4. DC bus voltage accuracy for DC load change.
Conventional control [66]  Proposed control
Ti P, (k Upys— VvV
ime (s) » (kW) Bus—ref V) au o AU o,
U U
0to00.5s -12.16 086.48 2.4 0.4
0.5sto 1s -20.49 1011.47 2.86 0.29
Isto 1.5s -12.16 986.48 2.4 0.4
1.5s to 2s +12.84 911.48 2 0.98
2sto 2.5s -12.16 086.48 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.

Overshoot  Settling SSE THD

Reference Method (%) Time (s) (V) (%) Remarks
Conventional Baseline method
66 . : : : : ’
[66] Backstepping 082 020 2 35 slower and less robust
[67] Sliding Mode Control  0.65 016 35 24  Robust but higher
chattering
[68] PI Control 1.32 023  4g 31 Slow and higher
steady-state error
[69] Adaptive _ 0.54 0.12 21 20 Sen_5|t_|ve to parameter
Backstepping variations
[70] FLC 0.48 015 19 26  edulres extensive
tuning
Fastest response, most
Proposed  IB + Observers 0.31 0.01 0.8 1.8  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(1)). 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 rises
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 s 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:

e 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.

e The proposed system effectively observes and monitors currents and power requirements with
high accuracy, ensuring reliable system performance.

e 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, (i1) improved dynamic performance
compared to traditional backstepping, and (ii1) 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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