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Abstract: This paper proposes a robust slit'ina-mod= control strategy for efficient photo-
voltaic (PV) energy extraction in island DC raiciug rids. A PV system is sensitive to voltage
fluctuations. PV parameters are optimized, shunt resistance, saturation, reverse saturation,
and photovoltaic current equations are, modeled to maximize power generation. A boost
converter increases PV output »altay2.t¢. commercial levels, with the parameters carefully
optimized for maximum performai.ce. Thz converters are modeled using first-order differ-
ential equations based on an &.2rage statc-space representation, enabling the development
of a sliding-mode control sirc:egy with non-linear switching functions. The control strategy
incorporates reachabilitv dynaiiics to handle system non-linearities, with the control law
formulated using su. “2Ce switching and equivalent control. This ensures precise regulation,
fast convergence, and 1 hust performance. Validated in MATLAB/Simulink under nominal
(0.6 mH) and perturbed (0.9 mH) converter inductance conditions. The results reveal: (i)
fast convergence with settling times of 2.0 ms under nominal and perturbed conditions; (iii)
robust performance with 8.5% overshoots (nominal) and 10.0% overshoots (perturbed),
compared to 26.0% and 33.0% with conventional PID controllers. As converter inductance
parameters vary, the system achieves optimal power extraction. This study shows how slid-
ing-mode control can enhance PV system performance for microgrid applications.
Keywords: boost power converter, islanded DC microgrid, MATLAB/Simulink, PV sys-
tem, robust sliding-mode control

1. Introduction

The DC microgrid system (DCMS) has gained considerable prominence over the past few
years in comparison to AC microgrid systems. The DCMS eliminates issues like contact
problems, surge current issues, and nearby impacts since it operates without frequency.
Furthermore, the DCMS is more compatible with photovoltaic (PV) integration [1-5]. Efficient
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study of PV systems necessitates a detailed understanding of the power distribution graphs of
solar panels. The performance distribution graphs of solar panels were affected through external
factors like irradiance and temperature at the installation site [6, 7]. Boost converters [8],
particularly the widely used step-up converters, serve an essential part at maximizing energy
conversion from PV applications, including DC microgrid control applications. Variable
structure sliding-mode control involves a specific technique characterized by small-amplitude,
high-frequency switching movements along a predefined trajectory. This method offers
simplicity in the algorithm, high reliability, and robustness compared to other control strategies
[9].

An idea for combining low-power, varying energy resources and controllable loads to create
dynamic system referred to as microgrid systems (MSs) was developed earlier [10], potentially
achieving more traceable control. An MS can be operated independently to a distribution
network. Based on the PCC voltage configuration, the ACMS and-=2MS can be distinguished
[2]. ACMSs’ performance has improved significantly over=the past decade. Atrtificial
intelligence, model predictive control, and hierarchical structures iiave recently been developed
[11-18], however, boost converters are recognized as more auwractive for changing the voltage
level in DCMS applications as presented in Fig. 1 by tneir y.cater performance, better convenient
connections to renewable energy resourcesy.enery;«storage system, DC grid and higher
compatibility compared to home devices standa:as, in the microgrid hierarchy, the proposed
approach operates at the primary control leva! (millisecond time scale). It complements
secondary control (voltage restoratinn, power balancing) and tertiary control (economic dispatch,
energy management) for PV-boost conveiter systems. The proposed strategy handles fast
transients, while higher-level coiirollers handle slower dynamics, enabling overall system
stability and efficiency.

Further, control of“cneryy systems has been developed across multiple time scales. In
addition to coordinated op.mization approaches for flexible load response [19], fuzzy logic,
neural networks, and adaptive neuro-fuzzy inference systems-based PV control models [20],
embedded microcontrollers for PID speed regulation [21] are also included.

Multilevel converters based on battery ESSs (BESSs) have been proposed in [22] that employ
an optimization approach to energy management. However, their layered structure posed
practical implementation challenges despite achieving their control objectives. This limitation
was addressed in [23] by connecting a DC grid to BESSs via a two-way active converter. When
applied to DC microgrids, this method has some limitations, despite its relative ease of
construction. Microgrids rely on droop control to maintain a steady DC grid voltage by ensuring
equal power distribution, as extensively discussed in references [24]. As a consequence of line
impedance fluctuation problems generated via cable resistance, droop controllers may affect the
efficiency of load power distribution. Controllers with fuzzy logic gain schedules were used to
address this issue [25]. In addition, a method of fuzzy logic control was introduced to maintain
the DC-bus voltage and balance load-to-generator power distribution. However, this approach
lacks dynamical models in its design methodology, which makes it insufficient for representing
the dynamics of the system. Furthermore, linearized models were typically used to design the
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controllers mentioned above. Thus, they may not deliver desired control performance under
changing conditions, as discussed in [26]. DC microgrids, on the other hand, are nonlinear and
complex because of the presence of many converters. As a result, nonlinear control schemes are
increasingly being explored in order to maintain reliable operation across a variety of operational
circumstances.
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Fig. 1. Block diagram of a sol2i PV power converter system

Model predictive controllers (MPC2). 2re widely used for minimizing cost functions and
generating converter control signa's [27]. To address the impact of pulse loads in DC/DC
converters, [28] an MPC scheme wes proposed. In [29], an MPC was introduced to improve the
stability of DC/DC converters. Despite its practicality, there are several limitations to this control
technique, including paiawieter, accuracy and time-consuming optimization. For overcoming
these problems, the non-line. v feedback linearization controller (FBLC) has been recognized for
DC microgrid applications. A FBLC approach was presented in [30] to maintain DC-bus voltage
balance within DC microgrids while regulating DC-bus voltage. In addition, Reference [31]
described an adaptive FBLC that predicts undisclosed parameters and ensures power
distribution. The effectiveness of these control strategies is dependent on system factors. As
operating conditions vary, it can be difficult to obtain accurate system parameter information in
practical applications. Moreover, this control approach often ignores nonlinear factors that could
improve transient stability. Consequently, switching to nonlinear backstepping control instead
of FBLC schemes may improve transient responses in [32]. In [33], the stability of the hybrid
DC microgrid dynamics was assessed using a nonlinear backstepping controller (BSC). Voltage
control and power balance were successfully achieved based on simulation results. An adaptive
BSC version was presented in [34], which improves the efficiency of power sharing thereby
maintains DC grid voltage regulation under unknown conditions. As a result, there are practical
limitations because the result of the control parameters must be taken repeatedly, especially for
cases of high-level systems. Moreover, to achieve optimal efficiency, user-defined gain levels
must be precisely tuned, creating another level of difficulty [35]. SMCs represent an effective
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alternative to BSCs and FBLCs, as discussed in [36]. It was presented in [37] to use an ideal
distributed energy resource system (DERS) to control power flow between DERS components
and the DC grid for an islanded DC microgrid application. DC/DC power converters in DERSs
have been proposed with a variety of second-order controllers, but existing studies [2-4, 8,
28-30] assume constant DER sources, ignoring the dynamic effects of environmental and PV
parameter changes. Crucially, the real-world performance of PV dynamic equations for DCMS
applications under varying conditions remains unexplored. Ultraviolet, visible, and near-infrared
wavelengths are all absorbed by PV panels. Panels are heated by 50% of solar radiation in the
infrared spectrum. We use radiometric quantities like irradiance (W/m2) throughout this study.

This research addresses this gap by:

1. Developing a detailed mathematical model of the PV system in order to maximize

voltage output under different parametric and dynamic conditions.

2. Proposing a sliding-mode control strategy for a boost'.~zuyverter, integrating prior

concepts while accounting for PV parameter uncertaintiec

3. Validating the control design against real-world PV mocel variations—a critical step

overlooked in the existing literature.

Unlike previous studies, our study rigorously tesss vi.c PV mathematical model within a
control framework rather than focusing only=.on iae2!"PV output voltage. In DC microgrid
applications, this ensures robustness against paranmiciric uncertainties. This paper presents the
design and implementation of a robust sliding-made control (SMC) strategy to efficiently extract
energy from photovoltaic (PV) systems for islanded DC microgrid applications. PV systems
exhibit varying output voltages due to 2nvircnmental factors such as irradiance and temperature.
To maximize power generation, the 2V system parameters—including saturation current, reverse
saturation current, shuntvesictance, and photovoltaic current—are optimized using precise
mathematical equations..A>C/_C boost converter is employed to increase the PV system's
output voltage to levels scitaple for commercial applications. The converter is accurately
designed to maximize power output and is modeled using first-order differential equations based
on an average state-space approach. The proposed sliding-mode control strategy incorporates a
nonlinear switching function to handle system nonlinearities, with the reach dynamic equation
ensuring stability and convergence. The control law is formulated using equivalent control and
surface switching control, which together optimize the system's performance. The rest of this
paper is structured as follows: Section 1 provides an overview of existing control strategies.
Section 2 discusses photovoltaic systems and power converter modeling. Section 3 details the
proposed controller design. Section 4 presents and analyzes simulation results. Finally,
Section 5 concludes the paper with key findings and future research.

2. System modeling

In this section, we discuss the mathematical modeling of the photovoltaic system and the
boost converter. A PV cell model is presented in Section 2.1, including the single-diode
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equivalent circuit, photocurrent, saturation currents, and parasitic resistances (Rs and Rsh). Boost
converter topology, operating modes, and component design equations for inductance (L) and
capacitance (C) are discussed in Section 2.2.

2.1. Photovoltaic
Photovoltaic systems are composed of an individual diode linked in parallel with a radiation
source, I,,, (Fig. 2(a)), whose electrical current | appears to be expressed as [6]:

I'= 1, — I [exp (nlvt) -1], 1)

where I is the current saturation, representing the minimal current pass through the diode under
reverse bias. V is the PV voltage, the voltage across the photovoltaic cell. V: = kT /q, represents
the thermal voltage. k represents the constant Boltzmann, and s the relationship between
temperature and energy in a semiconductor (1.38 x 108 J/K). T¢.is the temperature of the
photovoltaic cell that influences the output characteristic of i panels.

q = charge electron (1.6 x 10'*° C),

n = factor ideality (11/10).
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Fig. 2. Circuit solar PV cells: (a) none resistance connection; (b) resistance connection series, Rs; (c) re-
sistance connection series and parallel, Rs and Rsn

A non-ideal photovoltaic model with series resistance Rs is depicted in Fig. 2(b), the output
current can be derived as:

I =1, — I [exp (V+1Rs) -1 ] 2)

nv
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Expression (2) could never accurately describe the performance of the cell when exposed to
atmospheric changes, particularly at lower potentials. A photovoltaic system consisting of series
and parallel resistances is presented as the most feasible scheme, as shown in (Fig. 2(c)),
including parallel resistances Rs, and series resistances Rs [6]. Due to the ohmic contact between
the metal and semiconductor, Rs is very small. However, Rs, is extremely high and shows the
level of quality along the boundary (remark: in a perfect situation, Rs = 0 and R is infinity [7]).

By using the Kirchhoff equation at this junction Iuh, lo, Rsh and Rs as shown in Fig. 2(c), the
expression could be presented as follows:

Izlh_[D_Ish» 3)

I=lp—1, [exp (V+IRS) _ 1] [V+IRS]' )

Rsh

Io represents the diode (D) current, I, represents the shunt currens and G represents the solar
irradiation.

To provide clarity, the simple diode representation in Fig.-2(c) nas been employed during the
current research work. The photocurrent mainly depends on tne insolation and cell’s working
temperature, which is described as [6]:

T G
Iph = [1 + KI(’IC Tfef)] E, (5)
where: s is the current solar cell, Gt 15 the ‘Insolation reference, Trer represents the cell’s
reference temperature, K, stands for ‘e cucficient temperature, and G is the insolation.
The saturation current is preseried Lalov::

s () e [5G 2) ®

where: Irs is the current reverse saturation, Eq is the solar cell band-gap energy, and n is the PV
dependent.
The current reverse saturation is given below:
Ins = — o )

exp((iee)-

2.2. Boost converter

When the input voltage is less than the output voltage, a boost DC/DC power converter can
increase the output voltage. A boost DC/DC power converter can step-up the voltage of a PV
system. Figure 3 [38] shows the basic circuit configuration of a boost DC/DC power converter.
An inductor (L) stores energy when the PV system power supply is turned on. Loads will receive
energy from the inductor if the power supply is off.
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Selection of topologies: Boost converters are preferred over alternative topologies (buck-

Fig. 3. Boost converter circuit

boost, Cuk, SEPIC, fly back) due to the following reasons:

1.

3.
4,
There are two modes of operation for converters, moce 1 and mode 2. As shown in Fig. 3(a),
mode 1 operates when the transistor is ON. As siawn in Fig. 3(b) [38], mode 2 starts if the

(i) PV voltage (26.4 V) is always lower than DC bus voltage (60 V), so only step-up is

required;

(ii) accurate maximum power point tracking (MPPT) s _enebied by continuous input

current;
(iii) 94-96% efficiency is achieved with minimal conip=ients;
(iv) the monotonic voltage gain (Vo /Vin) is simpleta.‘mplement.

transistor is off.

Figure 3(a) shows mode 1 of boost converter operation. During the OFF state, current can
pass through the inductance (L) and ctore ei.ergy. The diode is reverse-biased to prevent current

from reaching the load. Thus, the 2utpu.voliage remains stable.

lo

Ic
T"

Fig. 3(a) mode 1

+
Vo

Fig. 3(b) mode 2
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Figure 3(b) illustrates the operation of the boost converter in mode 2. In this mode, the
transistor is off, interrupting the direct current passing through the inductance (L). By using a
diode in the forward bias, the energy stored in the inductance is transferred to the load. To
maintain the output voltage, the capacitor is charged, and power is supplied to the load.

The equations for the boost converter circuit are as follows (Egs. 8-10), which serve as a
component design guideline [38].

The duty cycle, S:

_ 1 _ Y
S=1 Vo (8)
The critical value for inductance, L:
_ S(1-S)Ry,
L==""" 9)

The capacitance value as a critical value, C:

N
C= R (10)
where: Vyy is the input voltage/voltage source, V, iz the average output voltage, S is the duty
cycle, Ry is the resistance, f is the switching v.2auency, L is the inductance, and C is the

capacitance.

5. Controller design

The sliding-mode coitro! stritegy is presented in this section. The fundamentals of SMC are
covered in Section 3.1. 1. boust converter is modeled using an average state-space approach
in Section 3.2. The control law is formulated in Section 3.3. The switching law and parameter
tuning are discussed in Section 3.4. Robust convergence is explained intuitively in Section 3.5.
PV modeling is linked to controller design in Section 3.6. Stability analysis is provided in
Section 3.7.

3.1. Robust sliding-mode control

Robust sliding-mode control (SMC) was initially developed for linear control systems and
later extended to nonlinear control systems. The algorithm design for this control method is
straightforward and easy to understand, making it highly accessible for practical applications. Its
effectiveness is well-documented, as it provides systems with strong anti-interference
capabilities and is particularly well-suited for nonlinear applications, such as photovoltaic (PV)
systems [9].

The structure of sliding-mode control is based on the principles of variable structure control
systems. What sets this method apart from others is its discontinuous control nature,

characterized by switching behaviors that cause the system's "structure” to change over time.
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This control strategy forces the system to oscillate with small amplitude and high frequency
along a predefined trajectory, a phenomenon known as sliding-mode motion or sliding-mode
dynamics.

The key advantages of sliding-mode control include its simple algorithm, high reliability, and
excellent robustness. These features make it an attractive choice for systems requiring stability
and performance under varying conditions. The general representation of the system can be
described as follows:

x=f(x,ut),x €R" 11)

In the state space of S(x) = S(xq,x5,:*,%x,) =0, x € R", as shown in Fig. 4, the state
space is divided into three regions by the surface S = 0, S > 0,and S < 0, respectively.

Figure 4 illustrates three distinct regions of surface switching characteristics. There are three
domains within the sliding surface: S=0, S> 0, and S < 0. The diag=x illustrates the trajectory
of the system, where the dynamics change based on the region.-*. equilibrium point is shown
at point C on the sliding surface, while trajectories leading !1p to tnat point are shown at points
A and B on the sliding surface.

Fig. 4. Three points surface switching characteristics

By considering Fig. 4, point A is called the normal point, the system moves toward the
surface S = 0, and finally leaves after crossing the surface; point B is called the starting point,
the system leaves from the surface S = 0 to both sides; and point C is called the end point, the
system moves from the S > 0 and S < 0 area to the surface S = 0. Since points of type A and B
are unstable, only points of type C are meaningful. If all points in a certain area on the switching
surface are type C points, when the system moves close to this range, it will be attracted to move
in this area. All the endpoints in this range constitute the "sliding-mode" area. The movement of
the system in this range is called sliding-mode motion. According to the characteristics of
sliding-mode motion, the system moves to a position very close to the switching surface S = 0,
and we have
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limSsS < 0. (12)
This condition is equivalent to the system satisfying the form
V(xl'xZ'”"xn) = [S(xl!xZJ"'!xn)]2~ (13)

The necessary condition of the Lyapunov function. Since the function is positive definite,
and according to (13), the derivative of S 2 is semi-negative definite, it can be understood that the
position V next to S = 0 is approximately a non-increasing function. Therefore, if Eq. (12) is met,
then (13) can be used as the Lyapunov function of the system, and the system itself is stable
under the condition S = 0. The general process of sliding-mode variable structure control can be
described by the following equations.

The state equation of the system is

x=f(xut), xR, ueR™, te (14)
The switching function needs to be determined:
S(x),S € R™ (15)

Solve the control function:

_ {u*(x', S(x)>0 (16)

T ) s(x) <0
Among them, u* (x) # u~(x), stithat
1. the sliding mode exists, thatis, E 3. (£6) holds;
2. the accessibility conditiorymu.i be met, that is, the system working point must be able to
approach the slicding surfie=2 reaching within the limited time;
3. the stability ensures for.ine sliding motion;

4. If the single-input nonlinear system x = f(x, u, t) achieves ideal sliding-mode control, it
must satisfy

S(x,t) =0,

$Get) =2 flout) +3 1

Using Eq. (17), we can solve equation u, which is the average control amount of the nonlinear
system on the switching surface S = 0. The control amount at this time is called the equivalent
control amount, which is represented by ueq. At this point, we can get the sliding-motion equation
as follows:

{x'= f(x,ueq,t)' (18)
S(x,t) =0

This equation represents the system moving back and forth along the sliding surface under
ideal conditions. This process is carried out without external interference conditions and is an

10
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ideal switch. This ideal situation is difficult to achieve in practice. In fact, the system will have
various uncertain interference factors, and the switching frequency of the switch cannot be
infinite. For these factors, the control quantity is generally equal to the equivalent control
quantity plus the switching control term as the control input, as follows:

U= Upg + Ugy. (19)

Among them, the switching control term usy is to overcome possible interference and ensure
that the sliding-mode arrival condition is met [9]. By using Egs. (1)—-(19), the following
methodology will be realized.

3.1.1. Methodology

Based on a literature review, we present a summary of the proposed control-design approach.
First, the solar model is developed by interpreting the Egs. (1)-(7).=2athematically. As part of
this process, the voltage, current and power generated by the P\Vi.raneiare analyzed at this stage.
In addition, the inductance and capacitance of the boost convericr are designed according to
Egs. (8)—(10) to ensure the desired voltage boost.

Figure 3 illustrates the state space average modei uf w2’ DC/DC boost converter (20)—(22),
providing a better understanding of its dynami<- behavia::

j, = Wormdzwbo] (20)
I = ‘_VW‘(lL‘u)VO] 7 1)
V.o — [-lo+(1-w)IL] : (22)

C

Lastly, the proposed v=ntroller is developed by selecting the non-linear switching function
as follows:

S= VOIL - Vreflref- (23)
To find the control law from Eg. (20), the following reach dynamics is selected.
S = —[As + ksgn(s)]. (24)

The overall control law is presented below:

—[Io*IL_ VpVL*VO—As]+ksgn(s)
u= LR (25)
Cc L
where:
1, $§>0
Sign(s) =4 0, S=0 . (26)
-1, S<0

11
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3.1.2. The switching law and the tuning of design parameters

Equation (25) has two tuning parameters: A (proportional gain) and k (switching gain).
Reachability dynamics (24) ensure convergence to the sliding surface (S = 0). The proportional
term — As determines convergence speed, while the switching term — ksgn(s) compensates for
disturbances and uncertainties. For faster responses, increase A; for better robustness, increase
k; for chattering, reduce k. With the parameters in Table 2, the controller remains stable for both
Aand k.

3.1.3. A Simple explanation of robust convergence in PV systems

Appreciating the controller's effectiveness in PV applications settings requires understanding

why the reachability dynamics (24) and sliding condition SS < 0 ensure robust convergence.

1. Power-balance targets for sliding surfaces

PV has a clear physical meaning for the sliding surface (23):

i) An output power equal to the reference power (MPP}, whenS = 0,

ii) In the event that output power exceeds the refererice lewcy, the duty cycle must be re-
duced when S > 0,

iii) In cases where output power is below the reference level, duty cycle must be increased.

As aresult, driving directly achieves MPPT w:ic2-S < 0.

2. Robustness is guaranteed by the sliding condition $§ < 0

$S$ < 0 ensures that the squared distance to the surface, S2, never increases. PV systems are

affected by these three factors:

i) Robustness of irradiance:»=veryuncer sudden step changes (200 — 1 000 W/m?), the
switching term — ksgn(sXeeJs moving closer to S = 0 in spite of the increased irradi-
ance level.

i) Robustness to temparacure changes: The MPP changes when panel temperature in-
creases (25°C — 75°C), but the surface S = 0 adapts automatically since it tracks
power, not voltage or current.

iii) Robustness of parameters: As long as k exceeds the magnitude of the uncertainties in
Rsh or I, convergence is not affected.

3. Simplify PV illustration

Assume that a car (the PV system) is trying to stay on the center line (the sliding surface

S =0):

i) When the car is far from the center, the proportional term —As corrects more aggres-
sively.

i) On uneven roads (irradiance variations), the switching term —ksgn(s) acts as a constant
force ensuring that the car always moves toward the center.

iii) As long as the sliding condition s < o is satisfied, the car won't move further away
from the center.

12
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Despite changes in PV parameters due to temperature, aging, or manufacturing variations,
the switching term remains robust. Compared to a PID controller, sliding-mode control is more
effective for PV applications.

3.1.4. The interrelationship between PV modeling assumptions and controller design

The PV model presented in Section 2.1 (Egs. (1)—(7)) describes several physical properties
that directly affect the proposed sliding-mode control design. For an appreciation of the
controller's performance and robustness, it is essential to understand this relationship.

1. Irradiance variation and photocurrent (lpn): Eq. (5) illustrates that lp, scales linearly
with the irradiance of G. Under real-world conditions, irradiance may vary rapidly (e.g.,
due to cloud passing). The sliding-mode control law in Eq. (25) compensates for these
variations through the switching term k-sgn(s), which allows robust tracking without
precise irradiance measurements.

2. Temperature and saturation current (ls) effects: Ea /2)<shows that it is strongly

T, . N R
dependent on temperature (T < and an exponential term). Teimperature increases lead to a
ref

decrease in Voc and a shift in MPP. The sliding curféce (S) in Eq. (23) enforces power
balance regardless of temperature-induced INMPP, snifts. Moreover, steady-state errors
caused by variations in temperature are e.;>inateu oy the integral action of the reachability
dynamics (Eq. (24)).

3. Shunt and series resistances (Rs,Rsn): Tie I-V characteristic near the MPP and short-
circuit regions is affected by Lathraststances in Eq. (4). The observations in Table 1 guide
the controller design: The srai.Rs ensures minimal voltage drop at the MPP current
(Imp=7.58 A), enabling ~fficient power extraction. As a result of the large Rsn,
Ish = (V + IRs)/Rsh is neghigibic at the MPP, simplifying the derivation of the control law
without compromiszg acturacy.

4. Sliding-mode contrv?” implications: In this case, the non-linear 1-V characteristics
(resulting from the exponential diode term) and uncertainties in Rs, Rsy motivate the
selection of SMC. SMC differs from linear controllers (e.g., PID) and model-dependent
methods (e.g., MPC) in the following ways:

i) Resistant to parameter variations (e.g., Rs varies with temperature, |5 varies with ag-
ing),
i) A fast response to the sliding surface (Eq. (12) guarantees lim SS < 0),
iii) Simplicity of implementation (only two tuning parameters in Eq. 24).
Therefore, the PV modeling assumptions in Section 2.1 directly inform the controller
structure in Section 3, ensuring that the proposed SMC strategy is both physically and practically
feasible.

Table 1. Analyzing Luapunov stability

Steps| Stability derivation step-by-step
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The Lyapunov function candidate is selected as V = %SZ, which is positive (V > 0 for S # 0) and
equals zero only when the sliding surface reaches (S = 0).

2 The time derivative is as follows: Differentiate with respect to time: V = SS.

A substitute for reachability dynamics is as follows: By using

S = —[As + ksgn(s)] = V = —[As + ksgn(s)] = —15% — k|S]|.

Analysis of signs; since 4 >0,k >0, and S >0, |S| > 0, we have V <0 for all S. When S = 0, the
derivative is zero.

Asymptotical stability conclusion: Asymptotically, the Lyapunov stability theorem guaran-
5 tees that V = S — 0. A sliding mode exists and is stable when the sliding condition S5 > 0 is
satisfied.

Key considerations: PV systems assume the following assumptions: (i) uncertainty is bounded
(IA(x, )| < k); (ii) control input is bounded (u € [0, 1]). All of the PV boost converter systems in Table 2
are valid.

3.2. Stability analysis

We present a step-by-step derivation of the slicing-mode stability condition in Table 1 to
make the stability analysis more accessible.

By using Egs. (20)—(25), the proposed coritiol ‘algorithm is presented in Fig. 5. Figure 5
illustrates the implementation of the praposed-robust sliding-mode control scheme. In the
diagram, the boost converter, the, PV signal, and the sliding function control law are
illustrated. Using the control equatian,.the photovoltaic system is stable, responds rapidly, and
tracks maximum power points efficiantly. Next, the result discussed will be presented.

Table 2. System parameters

Parameters name y’ Symbol Value Unit
Rated power Py 200 W
Voltage Vinp 26.4 A\
Current Imp 7.58 A
Voltage open circuit Vop 329 v
Current short circuit Isc 8.21 A
Series cells Ng 54 -
Parallel cells Np 1 -
Current photo Ipi determined A
Current short Isc determined A
Short circuit current of cell at 25°C and 1 000 W/m? Isc sta 0.0032 A

14
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Operating temperature T 25 °C
Nominal temperature T 298 K
Solar irradiation G 1000 W/m?
Electron charge q 1.6e-19 C
The ideality factor of the diode 1.3 -
Boltzaman’s constant 1.38e-23 J/K
Band gap energy of the semiconductor Ego 1.1 eV
Series resistance Rs 0.221 Q
Shunt resistance Rsn 415.405 Q
Input voltage Vi - 2.9 \
Output voltage A ) 60 \Y
Output power P, 200 w
Load current [, ’o_ determined A
Switching frequency fs 25000 Hz
Duty ratio D . D determined -
Inductance current ripples Al determined A
Voltage ripples AV, determined v
Converter inductance N, L determined H
Converter capacitance, in:ag);t C determined F
Resistive load y R, 18 Q
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Fig. 5. Implementation of the proposed robust slidiixa-made control scheme

4. Simulasian results

In MATLAB/Simulink, the proposed GMC surategy is validated with a 200 W PV source, a
boost converter (25 kHz switching); aiiu+the parameters listed in Table 2. The steady-state PV
characteristics are examined in Secticn 4.1 under varying irradiance (200-1000 W/m2) and
temperature (25-75 °C), including hpand R In Section 4.2, dynamic performance is evaluated
for nominal (0.6 mH) ard perwrbzd (0.9 mH) converter inductance, comparing the proposed
SMC with a conventiona. T1D controller [21].

4.1. variations of parameters in (1-V) and (P-V) graphs of the PV system

This subsection examines PV steady-state characteristics under varying environmental
conditions using the MATLAB/Simulink model (Table 2). We conduct two tests: irradiance
variations from 200 to 1 000 W/m? at a constant 25°C. According to Figs. 6 and 7, the results of
the current-voltage (I-V) and power-voltage (P-V) curves can be seen.

PV cells generally produce more power as radiation intensity increases. The rise in irradiation
power is primarily driven by two factors: the short-circuit potential Vo and the constant rise in
irradiation current Ipn. Moreover, the short-circuit current I is linearly boosted by the increase
in minority carriers generated by increasing irradiation intensity, as shown in Figs. 6 and 7.
Irradiance level directly affects PV cell performance. As the intensity of a radiation source
increases, the series resistance Rs decreases continuously. Figures 8 and 9 show Rs decreases
significantly with increasing intensity up to 200 W/m?. The active layer of a solar cell's
photovoltaic cell has an enhanced conductivity under higher irradiation levels, resulting in a
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lower Rs. The intensity of solar radiation increases the generation of charge carriers in the
material, resulting in an improvement in the overall conductivity.

A solar cell's electrical properties are directly related to the intensity of irradiation. Shunt Rs
behaves differently depending on irradiation intensity. At low irradiation levels around
200 W/m?, R« increases slightly, and at higher irradiation levels, Ry, increases faster. Localized
inhomogeneities in the solar cell cause the initial increase in Rsh. These inhomogeneities are
associated with defect regions with high concentrations of trapped electrons. Parallel to defect-
free regions, these defect regions perform poorly. Electrical activity is greater at low current
densities, especially in poor solar radiation conditions. The traps fill as irradiation intensity
increases, limiting the current through the shunt and increasing Rsp, reaching a maximum when
all traps are filled. In addition to irradiation intensity, cell heating due to high irradiance level
may also degrade Rsn, unless other factors contribute.

T T T T ¥ = -
220 B
5 1006 #/m?
180F Y’ g
7 boowm?
160 / 1

Power (W)
I
Q

100 / J
4 7 400W/m?
80 4
60 1
40 // P 1
/3
20 4 i
5 10 15 20 25 30 35
Voltage (V)

Fig. 6. Power-voltage response graphs for photovoltaic panels with various irradiations at 25°C
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Fig. 7. Solar panel current-voltage (P-V) characteristic cu-ves at 25°C with different irradiations

The relationship between irradiation intens.z4 derect dynamics, and solar cell electrical
properties is complex. The shunt resistance Rsy il a solar cell would, in an ideal setup, be infinite,
ensuring that there is no alternate path for‘current flow. The series resistance Rs would be zero,
preventing voltage drop before the icad. iiatvever, in practice, reducing the value of Rs (Figs. 10
and 11) and increasing the value of [\s (i7igs. £ and 9) can adversely affect solar cell performance,
affecting both the fill factor ang<the \naximum power output Pmax, as shown in Fig. 11.

9 r ———

] Varying Rs 1

Current (A)

1 : & 1 }
0 5 10 15 20 25 30 35
Voltage (V)

(=]

Fig. 8. The parasitic resistances of solar cells are plotted as a function of voltage levels at 25°C in order to
determine their parameters
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Fig. 9. At a temperature of 25°C, electrical parameters of .olar/cells are compared with irradiation levels
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Fig. 10. The shunt resistances of solar cells are plotted as a function of voltage levels at 25°C
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Fig. 11. The shunt resistances of solar cells are increased »s a-function of voltage levels at 25°C

Due to excessive leakage currents, a sigrifnieant_drop in Vo occurs when Rg, is reduced
excessively. A rise in internal resistance results in a decrease in short-circuit current Isc, when Rs
increases excessively. Schottky's formula states that Isc increases linearly with irradiance level to
increase photon-to-current conversica etnici2ncy. Over time, Vo increases logarithmically based
on the semiconductor material's eriergy: stat2 distribution. Pmax also increases with irradiation
power, as shown in Fig 10. Figure 21 illustrates the relationship between Rsy and irradiation
intensity, emphasizing that the rolauonship between Rs and irradiation intensity is less than one
due to both inside and outs'de shunt resistances. Under varying irradiation conditions, it is crucial
to minimize Rs and maximize Rsh in order to maximize Rs and Rgh in solar cells.

Figure 11 shows that the solar cell series resistance Rs increases with temperature.
Significantly, this increase is greater on the low-temperature slope of the curve than on the high-
temperature slope. As a result, Rs is temperature-dependent, and this has a substantial impact on
solar cell performance. Shunt resistance Rsh is also crucial for maximizing solar cell efficiency.
In Fig. 13, higher Rs values minimize leakage currents and optimize performance. As the
temperature rises (Figs. 12 and 13), Ry decreases.
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Fig. 12. A plot of the current-voltage graphs of photovoltaic \ells shown in varying temperatures under
the conditions of 1 000 W/m?
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Fig. 13. A plot of the power-voltage graphs of photovoltaic cells plotted at different temperatures along
with at 1000 W/m2.

The reduction in Rs, at higher temperatures further worsens the efficiency losses in
photovoltaic systems. Both Rs and Rsy are highly temperature-dependent. As the temperature
rises, Rs increases, while Rsy decreases. Maintaining solar cell efficiency requires proper design
and temperature control.
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4.2. Controller verification strategies

A comprehensive simulation framework in MATLAB/Simulink is implemented to validate
the SMC strategy using the block diagram shown in Fig. 5. Using a 200 W PV source with a
nominal voltage of 32 V, the DC bus voltage is regulated at 60 V by a DC/DC boost converter.
All relevant system parameters, including converter components, are summarized in Table 2.
The simulations were performed at different controlled ambient temperatures up to 60°C, with
irradiances up to 1000 W/m?, and with a resistive load.

4.2.1. Environmental variation scenarios

Under realistic operating conditions, both stepwise and dynamic variations in solar irradiance
and temperature were observed. Solar irradiance is stepped from 200 W/m2 to 1 000 W/m? in
order to simulate rapid changes in solar intensity caused by pasaing clouds. To evaluate
performance, the panel temperature is increased stepwise up to 60°4, Figures 6-13 illustrate how
these changes affect PV output power, voltage, and current.rhe-figures confirm the effect of
environmental factors on PV MPPT.

4.2.2. Parametric uncertainty testing

The controller's robustness is also tested aga.¢*-parameter uncertainties. Specifically, the
boost converter's inductance is deliberately perturbed from its nominal design value of 0.6 mH
to 0.9 mH. This perturbation simulates manufacturing tolerances and aging effects.

Figures 14 and 15 show transicat responses under nominal and perturbed inductance
conditions. Table 3 summarizes kav peiforiiiance metrics - overshoot, rise time, settling time,
and peak time - quantitatively. :Zverr'with a 50% increase in inductance, the proposed SMC
maintains fast converge:‘ce, ow ~wvershoot, and minimal transient degradation.

Table 3. Output power parametric performance metrics.

Approach Converter inductance| Overshoot | Risetime | Settling time | Peak time
(mH) (%) (ms) (ms) (ms)
Proposed approach | 0.6 (nominal) 8.5 0.52 2.0 1.2
Proposed approach | 0.9 (perturbed) 10.0 0.59 2.0 1.2
Approach in [21] 0.6 (nominal) 26.0 0.45 2.8 0.64
Approach in [21] 0.9 (perturbed) 33.0 0.5 35 0.70

4.2.3. A comparative analysis

To further demonstrate the advantages of the proposed approach, the same set of tests is
repeated using a conventional PID controller [21]. In all scenarios—irradiance variations,
temperature variations, and inductance perturbations—the SMC consistently outperforms the
PID controller in terms of settling time and overshoot reduction. Sliding-mode controllers are
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therefore inherently more robust than linear mode controllers, making them particularly suitable
for island DC microgrids with dynamic operating conditions.
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Fig. 14. Power, voltage, and current output of a'~ v ~2vstem with nominal converter inductance (L)
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Fig. 15 Power, voltage, and current output of a PV system with perturbed converter inductance (L)

5. Conclusion

This paper proposes a robust SMC strategy to maximize power extraction from PV systems
for island DC microgrid applications. We develop a mathematical model of the PV system,
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incorporating saturation current, shunt resistance current, and photocurrent equations. This
model is developed to accurately represent its behavior under varying environmental conditions.
Using a state-space approach, a DC/DC boost converter is designed and modeled, and the SMC
law is formulated with a nonlinear switching function and reachability dynamics.

Based on three critical test categories in MATLAB/Simulink, the proposed control strategy
was systematically validated: (i) changes in solar irradiance up to 1 000 W/m?, (ii) variations in
temperature up to 60°C, and (iii) parametric uncertainty (inductance perturbed from 0.6 mH to
0.9 mH). Performance metrics such as overshoot, rise time, settling time, and peak time were
compared with conventional PID controllers. According to the results, the proposed SMC
achieves:

— Under nominal and perturbed conditions, lower overshoot,

— Improved disturbance rejection based on faster settling time,

— Adaptability to parameter variations (e.g., inductance).

According to these findings, sliding-mode control is a highli.~%f=ctive, practical solution for
improving PV energy conversion systems' efficiency and stability:

Future work

Based on these simulation-based results, future rescaich will focus on:

1. The proposed SMC strategy will be es:nerimentaily validated by building a laboratory-

scale PV-boost converter prototype.

2. Testing controller performance using ‘hardware-in-the-loop (HIL) platforms (e.g.,

OPAL-RT, Speedgoat) under real-world irradiance and temperature profiles.
3. Implementation of the sliding-mode control strategy in field-programmable gate arrays
(FPGAS).
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