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EVENT-TRIGGERED SLIDING MODE
CONTROL: DESIGN PATTERNS, STABILITY
LOGIC, AND SIMULATION-ORIENTED
BENCHMARKING!

Ahmet CAKANEL?

1. INTRODUCTION

Sliding mode control (SMC) remains one of the most
established robust control strategies in nonlinear systems
engineering. Its long-standing appeal derives not from
algorithmic complexity but from a structural property: the
invariance of the sliding motion against matched disturbances
under discontinuous control action (Utkin & Shi, 2017; Edwards
& Spurgeon, 1998). This feature has sustained the relevance of
SMC across diverse domains, including electromechanical
drives, power converters, and networked cyber-physical systems,
where model uncertainties are unavoidable.

In practice, however, sliding mode controllers are
implemented digitally. Measurements are sampled, control laws
are evaluated at discrete instants, and inputs are applied through
zero-order holds. In networked or distributed settings, each
control update consumes communication bandwidth and
processing resources (Nesi¢ & Teel, 2009; Heemels, Donkers, &
Teel, 2013). Consequently, execution timing becomes an integral
design dimension rather than a mere implementation detail.

L This chapter is an original and unpublished work and has not been derived from any
thesis, conference paper, or previously published material.

Assistant Professor, Kirklareli University, Faculty of Engineering, Department of
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Conventional realizations employ periodic, time-triggered
execution, where the controller updates at fixed sampling
intervals regardless of the system’s instantaneous state. While this
simplifies scheduling and analysis, it does not distinguish
between aggressive transient phases and near-equilibrium
operation. As a result, computational effort may be expended
even when corrective action is marginal.

Event-triggered control offers a state-dependent
alternative. Instead of enforcing updates at every sampling
instant, control actions are issued only when a predefined
condition indicates that the current control input is no longer
sufficiently accurate. Between two triggering instants, the
previously computed input is retained. This mechanism
concentrates updates during rapid state variations and naturally
relaxes during steady operation. Its integration with sliding mode
control has received increasing attention, as it promises
substantial reduction in update density while preserving
robustness characteristics (Wang, Han, & Ge, 2017; Li, Chen, &
Huang, 2019; Zhang, Wang, & Li, 2021).

The present chapter examines event-triggered sliding
mode control from an implementation-oriented perspective.
Rather than proposing a new sliding law, the study isolates the
effect of execution timing itself. Identical sliding surfaces, gains,
and saturation limits are maintained across time-triggered and
event-triggered realizations, so that any observed differences
stem strictly from the update mechanism. Through a nonlinear
benchmark and structured simulations, the analysis clarifies the
practical trade-offs among tracking precision, control
smoothness, and update frequency in digitally constrained
environments.
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2. BACKGROUND ON VARIABLE STRUCTURE
SYSTEMS

Sliding mode control belongs to the broader class of
variable structure systems (VSS), in which control laws switch
according to system state. Consider a nonlinear system

x = f(x) + g(xu (1)

where x € R™ denotes the state vector, u € R is the
control input, and f(:) and g(:) represent sufficiently smooth
vector fields with sliding surface s(x) = 0. The control objective
is to drive trajectories toward the manifold and maintain motion
constrained to it.

A typical sliding control law adopts
U= Ugq — K sign(s) (2)

where u,, denotes the equivalent control termand K > 0

is a design gain. The discontinuous component ensures finite-time
reachability provided that the reachability condition

s$<0 (3)

is satisfied outside the sliding manifold. This inequality
guarantees that the surface is attractive.

In digital implementations, discontinuous control is
approximated through sample-and-hold execution, which affects
switching density and practical robustness. Consequently,
execution timing becomes relevant to sliding behavior.

3. FROM TIME-TRIGGERED TO EVENT-
TRIGGERED CONTROL

Digital sliding mode implementations are typically time-
triggered: measurements and control updates occur at fixed
sampling intervals. This structure is predictable and easy to
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schedule, but it applies corrections uniformly in time, regardless
of system activity. As a result, updates continue even when the
system operates near equilibrium and corrective action is
minimal.

Event-triggered control replaces fixed periodic updates
with state-dependent execution. The control input is recomputed
only when a specified triggering condition is satisfied; otherwise,
the previously calculated signal is maintained by a zero-order
hold. The feedback law itself may remain unchanged—the
modification lies entirely in the execution layer.

This shift concentrates computational effort during
transients and reduces activity during steady operation. For
sliding mode control, such timing variation affects how
frequently the sliding variable is corrected, while preserving the
underlying robustness mechanism. The next section formalizes
this event-triggered structure for systematic comparison with
periodic execution.

4. EVENT TIME-TRIGGERED SLIDING MODE
CONTROL STRUCTURES

Event-triggered sliding mode control can be viewed as the
meeting point of two ideas. One comes from sliding mode theory:
robustness through discontinuous action. The other comes from
digital control practice: update only when necessary. Bringing
these two together is less about inventing a new control law and
more about organizing how and when that law is applied.

Figure 1 illustrates the overall structure. The sliding mode
controller itself is designed in continuous time, just as in a
conventional implementation. What changes is the execution
layer. Instead of updating at uniform sampling instants, the
controller output is recomputed only when a triggering condition
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is satisfied. Between events, the previous control value is held by
a zero-order hold (ZOH).

A key design principle in this framework is the separation
between the control law and the triggering mechanism. Keeping
these two layers distinct has practical value. Existing sliding
mode controllers can often be reused without structural redesign.
Only the timing logic is modified. This modular approach
simplifies experimental evaluation and makes comparisons
between periodic and event-based realizations clearer. The
triggering condition is typically formulated using measurable
quantities. In sliding mode implementations, the sliding variable
itself provides a natural candidate. It already encodes tracking
error and system deviation in a compact way. Using it as the
triggering signal aligns execution timing with the core control
objective. When the system moves aggressively away from the
manifold, events occur more frequently. When the trajectory
remains within a small neighborhood of the surface, updates
become sparse.

From an implementation standpoint, a distinction must be
made between static and dynamic triggering rules. Static rules
compare a measurable signal against a fixed threshold. They are
transparent, easier to tune, and well-suited for benchmarking
purposes. Dynamic triggers, in contrast, introduce internal states
that evolve alongside the plant. While they may provide
additional flexibility, they also increase parameter dependence
and design complexity. For clarity and interpretability, the
developments in this chapter adopt static triggering structures as
the baseline configuration. Regardless of the chosen triggering
logic, the physical interface with the plant relies on a zero-order
hold. The control signal remains constant between two
consecutive events. If the inter-event interval becomes large, this
holding action may introduce visible deviations from ideal sliding
motion. Conversely, very frequent events may approximate time-
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triggered behavior. In this sense, execution timing directly shapes
the apparent smoothness of the control effort.

To ensure feasibility on real hardware, triggering
conditions are evaluated on a discrete-time grid. This avoids
pathological behavior such as infinitely fast event sequences and
reflects the finite resolution of digital platforms. The result is a
structure that remains faithful to sliding mode principles while
operating within realistic computational constraints.

5. SIMULATION BENCHMARK SYSTEM

To compare time-triggered and event-triggered sliding
mode implementations under identical conditions, a common
nonlinear benchmark is adopted throughout this study. The
purpose of this benchmark is not to represent a particular
industrial process, but to provide dynamics that are sufficiently
nonlinear to expose implementation-level differences. The plant
IS a second-order nonlinear system of Duffing type. It captures
linear damping, polynomial stiffness, and matched disturbances
in a compact form that remains well suited for sliding mode
design. The continuous-time model is defined as

%, (1) = x,(¢) (4)
%, (t) = —ax,(t) — bx,(t) — cx3 + u(t) + d(t) (5

where x; (t) and x,(t) are the system states, u(t) is the
control input, and d(t) represents an external disturbance acting
through the same channel as the control.

The measured output is assumed to be
y(€) = x1(t) + n(t) (6)

with  n(t) denoting measurement noise. This
configuration corresponds to a matched uncertainty scenario, a
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standard setting in sliding mode studies that allows robustness to
be evaluated without auxiliary observer layers.

Unless stated otherwise, the nominal parameters are
selected as

a=10 b=06 c=02

which ensure stable open-loop behavior while preserving
visible nonlinear effects. All simulations start from

x,(0) =08 x,(0)=0

so that the initial deviation from the reference is nontrivial
but not excessively large. The actuator is subject to saturation,

u(t) € [-2.0, 2.0]

and the same limits are imposed on all control strategies.
The tracking objective is defined with respect to a smooth
reference signal,

r(t) = 0.6 sin 0.5t + 0.2 sin 1.5t (7)

which introduces both low- and moderate-frequency
components. The corresponding tracking errors are

ey (t) = x,(t) —r (o) (8)
e2(t) = x,(t) —7(t) 9)

These definitions allow a consistent construction of the
sliding surface and ensure that both update strategies are
evaluated against the same performance objective. To examine
robustness, the system is subjected to a time-varying disturbance

d(t) = 0.3 sin0.8t + 0.2 sin 2.2t (10)

which provides persistent yet smooth perturbations.
Measurement noise is modeled as zero-mean Gaussian noise,

n(t)~N(0,0?)
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with a relatively small variance so that it perturbs the
response without overwhelming the dynamics. No observers or
filtering stages are introduced at this stage, since the intention is
to compare intrinsic execution properties of the controllers under
identical uncertainty conditions.

All simulations are performed using continuous-time
numerical integration with a sufficiently small fixed integration
step. Control decisions, however, are evaluated on a discrete-time
grid. This base grid is shared by both implementations. In the
time-triggered case, the control input is updated periodically
according to a fixed sampling period. In the event-triggered case,
the same grid is used to check the triggering condition; the control
law is recomputed only when the condition is satisfied. Between
updates, the control signal is maintained by a zero-order hold.
This unified simulation structure guarantees that any performance
differences originate from the triggering mechanism itself, rather
than from inconsistencies in numerical integration or model
representation.

6. SLIDING SURFACE  AND CONTROL
OBJECTIVE

A conventional first-order sliding surface is adopted:
s =é+ e (11)

where A > 0 determines convergence rate. The objective
is to drive trajectories toward s = 0 and maintain them within a
narrow neighborhood under disturbance and measurement noise.

The control structure is identical for both implementations
and follows:

U= Ugq — K sat (%) (12)
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where u,, compensates  nominal  dynamics, K > 0

ensures reachability, and ¢ defines a boundary layer to mitigate
chattering. Actuator saturation limits are enforced uniformly.

The time-triggered implementation updates the control
input at fixed sampling instants t;, = kT,. Between sampling
instants, the signal is held constant via a zero-order hold.

The event-triggered implementation evaluates a triggering
condition on the same base grid. The control input is recomputed
only when

|s(ty) — s(txi)| > 6 (13)

where § > 0 is a design threshold and tkitki denotes the
most recent update instant. Between events, the previously
computed value is retained. Since the sliding surface and control
gains are unchanged across both realizations, observed
performance differences can be attributed solely to execution
timing.

7. TIME-TRIGGERED SLIDING MODE
CONTROLLER

The time-triggered sliding mode controller serves as the
baseline configuration for all comparisons in this chapter. It
follows the classical digital implementation principle: measure,
compute, and update at fixed periodic instants. No state-
dependent logic influences execution. This reflects standard
industrial practice and provides a transparent point of reference
before introducing event-based mechanisms. For the nonlinear
benchmark system, the periodic control law is written as

u(ty) = ugq(ty) — Ksign (S(tk)) (14)

where the sampling instants are defined as t, = kT, with
fixed sampling period T;. The term u,, compensates nominal
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plant dynamics, while the discontinuous component scaled by
K > 0 enforces robustness against matched disturbances. Once
computed at time t,, the control signal is held constant until the
next sampling instant,

u(t) = u(ty) t € [tr, trsa]

which introduces the familiar staircase profile associated
with digital control. This sample-and-hold action already departs
from ideal continuous switching. The sliding variable does not
evolve under continuous corrective action, but under piecewise-
constant inputs determined at discrete instants.

The sampling period Ty plays a central role. If chosen too
small, the digital behavior approximates continuous-time sliding
but increases processor load. If chosen too large, transient
correction becomes coarse and oscillations around the manifold
become more pronounced. For consistency, the same base
sampling grid is later used to evaluate the triggering condition in
the event-based case.

In practice, the discontinuous sign function may amplify
measurement noise. To avoid unrealistic oscillations, a uniform
smoothing mechanism—implemented as a boundary layer
approximation— is applied consistently across all controllers.
Similarly, actuator saturation limits are enforced directly on u(t),
without additional compensation schemes. This keeps the
baseline intentionally simple and prevents secondary mechanisms
from masking the influence of execution timing.

As a reference configuration, this time-triggered setup
establishes measurable baselines for tracking accuracy, control
smoothness, and update frequency. Any deviation observed in the
subsequent sections can therefore be attributed to changes in the
execution mechanism rather than alterations in the sliding law
itself.

10
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8. EVENT-TRIGGERED SLIDING MODE
CONTROLLER

Unlike the periodic controller, the event-triggered scheme
updates the control signal only when the system state justifies it.
The sliding surface introduced earlier remains unchanged. So do
the controller gains. What differs is not the control law itself, but
the timing of its execution. The same discrete base sampling grid
used in the time-triggered case is retained. At each grid instant, a
triggering condition is evaluated. If the condition is satisfied, the
control input is recomputed. If not, the previously applied value
is maintained. This ensures that both implementations share an
identical numerical backbone, so that any observed differences
arise purely from update logic. Whenever an event is triggered at
time t;, the control law takes the familiar form in equation (12)
which is structurally identical to the periodic law in (11). Between
two triggering instants, the control input is held constant as
before, where t; ., now refers to the next event rather than a fixed
sampling time.

The key element is therefore the triggering rule. A simple
static condition is adopted. An update occurs whenever the
change in the sliding variable since the last update exceeds a
prescribed threshold:

ls(t) = st )] 26 (15)

where & > 0 defines the triggering sensitivity.
Intuitively, this condition measures how far the system has drifted
from the state at which the previous correction was computed.
Small values of § make the controller react frequently, producing
behavior close to the periodic case. Larger values reduce the
number of updates but allow a wider excursion of the sliding
variable.

To prevent pathological behavior such as infinitely fast
triggering, the condition is evaluated only on the discrete base

11
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grid. This practical constraint introduces a natural minimum inter-
event interval without requiring auxiliary dynamic trigger states
or explicit dwell-time design. The objective here is not to
construct the most sophisticated event-triggered scheme available
in the literature. Instead, the emphasis is on clarity. By combining
a standard sliding surface with a transparent static threshold rule,
the comparison with the time-triggered controller remains
interpretable. Any differences in tracking accuracy, control
smoothness, or update density can therefore be attributed directly
to the execution strategy rather than to architectural complexity.

9. PERFORMANCE METRICS AND
COMPARATIVE RESULTS

This section compares the time-triggered and event-
triggered sliding mode controllers under identical simulation
conditions. The reference trajectory, disturbance signal,
controller gains, and simulation length are kept exactly the same.
The intention is simple: evaluate whether reducing update
frequency alters tracking quality.

Several standard error metrics are used to quantify
performance. Tracking accuracy is assessed using IAE, ISE, and
RMSE. The maximum absolute tracking error is also reported to
capture peak deviation. From an implementation perspective, the
number of control updates and the mean inter-event time serve as
indicators of execution effort.

Table 1. Tracking error metrics for time-triggered and event-
triggered SMC.

Controller IAE ISE RMSE Max Error
TT-SMC \ 0.53 \ 0.21 0.102 0.8075
ET-SMC 0.54 | 0.21 0.102 0.8078

Table 1 summarizes the tracking error metrics. Both
controllers achieve nearly identical RMSE and ISE values. The

12
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event-triggered implementation shows only a slight increase in
IAE, while the maximum error remains practically unchanged. In
other words, the reduction in updates does not translate into a
visible degradation of tracking behavior.

Table 2 Execution metrics for time-triggered and event-triggered

SMC.
Controller Updates MIET [s] Update Reduction
TT-SMC 20,000 0.0010 -
ET-SMC 771 0.0259 96.1%

The execution-related differences, however, are substantial.
Table 2 highlights this contrast. The time-triggered controller
performs 20,000 updates, corresponding to periodic execution
over the entire horizon. The event-triggered controller requires
only 771 updates, which represents a reduction of more than

96%. The mean inter-event time of approximately 26 ms
confirms that updates become sparse once the transient phase
subsides.

0.8+ —— PReference
—— ET-5MC Qutput

Qutput

00 25 50 75 100 125 150 175 200
Time [s]

Figure 1. Reference tracking performance for the benchmark
system.

The time-domain plots provide additional perspective.
Figure 1 shows that both controllers track the reference closely.

13
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No visible loss of accuracy is observed in the event-triggered
case.

2.0
1.5
1.0
0.54
0.0

Control input

—0.5 4
—1.04
-1.54

—2.04

00 25 50 75 100 125 150 17.5 200
Time [s]

Figure 2. Control input signals for time-triggered and event-
triggered SMC.

The corresponding control inputs appear in Figure 2. The
periodic implementation produces uniformly spaced updates,
while the event-triggered controller generates piecewise-constant
segments of varying duration. Despite this structural difference,
the overall amplitude range remains comparable.

1.04 —— TI-5MC
—— ET-5MC

= = =
2 o @
" L

Sliding variable

=
T

o
o

T e T e AT T

00 25 50 7.5 100 125 150 175 200
Time [s]

Figure 3. Sliding variable evolution under time-triggered and
event-triggered execution.

Figure 3 illustrates the sliding variable. In both cases,
trajectories converge toward a narrow band around zero. The
event-based execution does not destroy the fundamental sliding

14
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behavior. Instead, it relaxes how frequently corrective action is
applied.

0.0 2.5 5.0 7.5 10.0 12.5 15.0 17.5 20.0
Time [s]

Figure 4. Triggering instants generated by the event-triggered
sliding mode controller.

The adaptive nature of the event mechanism becomes
clearer in Figure 4. Triggering events cluster during transients and
become increasingly sparse during steady operation. This reflects
the intended philosophy: update only when necessary.

The inter-event times shown in Figure 5 remain strictly positive.
No vanishing intervals are observed, indicating that Zeno-like
behavior does not arise for the selected threshold.

o
®
)

]
®

o
o
A

Inter-event time [s]
=} =}
[N IS

o
o
|

00 25 50 7.5 100 125 150 175 20.0
Time [s]

Figure 5. Evolution of inter-event times for the event-triggered
sliding mode controller.

Taken together, the results suggest a clear outcome.
Event-triggered sliding mode control preserves the essential
tracking and robustness properties of its periodic counterpart,
while dramatically reducing update frequency. In this benchmark
setting, the change in execution timing brings efficiency gains
without a meaningful loss in performance.

15
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10. DISCUSSION: ENGINEERING INSIGHTS

The comparison demonstrates that execution timing
directly influences computational demand while leaving tracking
performance largely unchanged. The event-triggered controller
concentrates updates during transients and substantially reduces
activity in steady operation. In the benchmark scenario, update
frequency decreases by more than 90% without a meaningful
change in error metrics.

The triggering threshold defines the primary trade-off.
Smaller thresholds approximate periodic execution and maintain
tight sliding enforcement, whereas larger thresholds reduce
update density at the cost of wider excursions around the sliding
manifold. This balance must be selected according to application
requirements rather than theoretical preference.

Overall, event-triggered sliding mode control should be
interpreted as an execution-layer refinement rather than a
structural redesign of sliding dynamics. Its benefits become
particularly relevant in resource-constrained or networked
environments where update density affects scalability, energy
consumption, or communication load.

11. CONCLUSION AND FUTURE OUTLOOK

This chapter explored the effect of execution timing on
sliding mode control within a unified nonlinear benchmark
setting. The sliding surface, gains, and actuator limits were
intentionally kept identical for both periodic and event-triggered
implementations. This allowed the comparison to isolate one
central question: what changes when only the update mechanism
changes?

The results are clear. Event-triggered execution can
reduce update frequency dramatically while preserving the core

16
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tracking and disturbance rejection behavior associated with
sliding mode control. In the presented benchmark, the reduction
in updates exceeded ninety percent, yet the overall tracking
quality remained nearly unchanged. The deviations that appeared
were small and primarily confined to transient phases. At the
same time, the study shows that execution timing is not neutral.
Longer inter-event intervals slightly relax the tight enforcement
of the sliding manifold. This reflects an inherent trade-off:
precision is exchanged for computational and communication
efficiency. Whether this exchange is acceptable depends on
application demands rather than theoretical preference.

The analysis was intentionally kept simple. Matched
disturbances and static triggering rules were considered to
maintain architectural clarity. More complex environments—
such as unmatched disturbances, network-induced delays, or
higher-order sliding algorithms— may respond differently to
irregular update timing. Threshold selection, in particular,
remains an engineering choice that benefits from systematic
simulation and practical experience.

Event-triggered sliding mode control should therefore be
viewed not as a replacement for periodic sampling, but as a
timing-layer refinement. Its relevance becomes especially evident
in networked or resource-constrained systems, where update
density directly affects scalability and energy usage. Future
developments may include adaptive triggering mechanisms, data-
driven threshold tuning, or integration with observer-based
schemes. Such directions extend the ideas presented here, while
keeping the central insight intact: in digital control, how often we
act can matter almost as much as how we act.

17
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DISTURBANCE-AWARE SLIDING MODE
CONTROL!

Ahmet CAKANEL?

1. DISTURBANCE ORIENTED PERSPECTIVE
ON SLIDING MODE CONTROL

Robust control design often seeks structural mechanisms
that preserve stability under uncertainty. Among such
mechanisms, sliding mode control occupies a distinctive position.
Its principal appeal lies in its ability to maintain acceptable
performance in the presence of matched uncertainties and
disturbances, particularly when these disturbances enter through
the control channel (Edwards & Spurgeon, 1998; Utkin, 2019).
For this reason, SMC has been applied across diverse domains
including motion systems, power electronics, aerospace
platforms, and electromechanical drives.

In its classical geometric interpretation, sliding mode
control enforces a predefined manifold in the state space. Once
sliding motion is established, reduced-order dynamics become
largely insensitive to matched uncertainties (Utkin, 2017). While
this invariance property remains central to the theory, practical
implementations reveal a more nuanced signal-level behavior. In
digitally implemented controllers, switching action not only
preserves the sliding condition but also implicitly compensates

L This chapter is an original and unpublished work and has not been derived from any
thesis, conference paper, or previously published material.
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for modeling errors, parameter variation, actuator limits, and
measurement imperfections.

From this viewpoint, the switching term plays a dual role.
It enforces sliding motion while simultaneously absorbing
unmodeled effects. When uncertainty is persistent or slowly
varying, this compensation burden may lead to visibly active
control signals. Although stability is preserved, the resulting
control effort may appear unnecessarily aggressive in practice,
particularly in sampled implementations (Bartolini, Ferrara, &
Usai, 2015). This observation motivates reconsidering how
disturbance compensation is distributed within the control
structure.

A useful way to reinterpret sliding mode control is through
the concept of equivalent control. Under ideal sliding conditions,
the equivalent control represents the continuous input that
maintains motion on the manifold (Utkin, 2017). In the presence
of disturbances, this component implicitly reflects both nominal
dynamics and disturbance effects. The switching term then
adjusts around this implicit baseline. Disturbance rejection is
therefore achieved, but compensation is not explicitly separated
from robust enforcement.

These considerations motivate the introduction of
disturbance awareness. Rather than relying exclusively on
switching to counteract uncertainty, a disturbance-aware structure
attempts to reconstruct part of the unknown influence and
incorporate it explicitly into the control loop. The objective is not
to replace the inherent robustness of sliding mode control.
Instead, it is to redistribute part of the compensation effort away
from discontinuous action and toward a structured internal
estimate.

Disturbances are typically modeled in lumped form,
aggregating external loads, parametric uncertainty, and
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unmodeled nonlinear dynamics into a single unknown term. In
matched configurations, this lumped disturbance enters through
the same channel as the control input, preserving the robustness
framework of classical SMC while enabling explicit estimation.

Three estimation paradigms appear frequently in
disturbance-aware sliding mode studies. The extended state
observer (ESO) augments the plant model with an additional state
capturing aggregated disturbance effects and reconstructs this
state online (Zhang, Guo, & Song, 2022; Zhang & Chen, 2021).
Active disturbance rejection control (ADRC) adopts a
disturbance-centric philosophy in which unknown effects are
estimated and compensated directly within the control law
(Aguilar-Ordufia & Castillo, 2020). Sliding-mode-based
observers exploit discontinuous dynamics and finite-time
convergence properties to estimate unknown inputs or
disturbances (Zhao, Li, & Wang, 2021). Although
mathematically distinct, these approaches share a structural
objective: to make uncertainty partially explicit rather than
leaving it entirely embedded within the switching mechanism.

Disturbance estimation does not eliminate robustness
concerns. Observer bandwidth selection introduces trade-offs
between responsiveness and noise sensitivity. Aggressive
estimation may amplify measurement noise, whereas
conservative tuning may delay compensation (Zhang et al., 2022).
Thus, disturbance awareness modifies the distribution of
robustness rather than removing its necessity.

The purpose of this chapter is not to introduce a new
control law. Instead, it examines representative disturbance-
aware sliding mode control architectures under a common
nonlinear benchmark. By comparing baseline and observer-
augmented structures within identical conditions, the chapter
aims to clarify how explicit disturbance estimation influences
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tracking behavior, control smoothness, and tuning considerations
in practice.

2. OBSERVER-AUGMENTED SLIDING MODE
STRUCTURES

Disturbance-aware sliding mode control modifies the
internal structure of the control loop by introducing an explicit
estimation pathway. While baseline sliding mode control
compensates uncertainty implicitly through switching, observer-
augmented architectures aim to reconstruct part of the disturbance
and incorporate this estimate directly into the control signal.

Figure 1 illustrates the generic structure considered in this
chapter. In the baseline configuration, plant outputs feed directly
into the sliding surface, and uncertainty is addressed exclusively
through the switching term. In disturbance-aware variants, an
observer reconstructs a lumped disturbance signal using available
measurements. This estimate is then injected into the control law,
effectively redefining how wuncertainty compensation is
distributed within the loop.
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Figure 1. Generic structure of baseline and observer-augmented
sliding mode control. The observer block reconstructs a lumped
disturbance estimate that modifies the control input while
preserving the sliding structure.

The most common estimation paradigm is the extended
state observer (ESO), in which the plant model is augmented with
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an additional state representing aggregated disturbance effects.
The reconstructed disturbance is subtracted from the nominal
control component, allowing the switching mechanism to operate
within a reduced uncertainty envelope. This structure preserves
the original sliding surface while redistributing compensation
effort.

Active disturbance rejection formulations adopt a
disturbance-centric perspective, treating uncertainty as a
generalized signal to be estimated and rejected explicitly. When
combined with sliding mode control, this viewpoint emphasizes
estimation-driven compensation while retaining switching as a
robustness safeguard.

Sliding-mode-based observers constitute a more tightly
integrated alternative. These observers exploit discontinuous
dynamics and finite-time convergence properties to estimate
disturbances or unknown inputs. Their convergence can be rapid,
but noise sensitivity must be managed carefully through
smoothing or boundary-layer techniques.

Architecturally, all considered disturbance-aware
structures share a common objective: separate disturbance
reconstruction from sliding enforcement. The distinction lies not
in whether uncertainty is compensated, but in how explicitly that
compensation is represented. ESO-based designs emphasize
modular separation between observer and controller. Sliding-
mode observers embed estimation within discontinuous
dynamics. Higher-order sliding mode variants introduce
additional internal dynamics to improve smoothness while
maintaining robustness.

From a design standpoint, this structural modification
changes the distribution of tuning effort. Baseline SMC relies
primarily on switching gain selection to guarantee robustness.
Observer-augmented designs introduce additional parameters
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governing estimation bandwidth and noise sensitivity. These
parameters interact with control gains but also provide finer
adjustment of signal-level behavior.

The architectures examined in this chapter preserve the
fundamental matched-disturbance robustness of sliding mode
control. The purpose of augmentation is not to replace invariance
properties, but to influence how control effort is expressed in
practice, particularly under persistent or structured disturbances.

3. SIMULATION BENCHMARK SYSTEM

The objective of the present chapter is not to demonstrate
numerical superiority of a particular observer design, but to
interpret how explicit disturbance estimation reshapes the
expression of robustness in sliding mode control. For this
purpose, a nonlinear simulation framework is employed as an
analytical instrument rather than as a performance showcase.

The adopted plant model is intentionally selected to
remain structurally simple while preserving nonlinear behavior.
It captures the essential ingredients required for meaningful
sliding mode analysis: nonlinear state dynamics, matched
disturbance injection, and bounded control authority. The system
is second order and exhibits nonlinear stiffness together with
damping effects. This combination allows disturbance-induced
deviations to manifest clearly without introducing excessive
modeling complexity.

A lumped disturbance enters through the same channel as
the control input. This matched structure is deliberate. Classical
sliding mode theory already guarantees invariance properties
under matched uncertainty. Therefore, any observable difference
between baseline and observer-augmented configurations cannot
be attributed to a loss of theoretical robustness. Instead,
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differences must arise from how disturbance information is
processed and redistributed within the control architecture.

The measured output is assumed to be affected by low-
level noise. The magnitude of this perturbation is selected such
that it does not dominate the disturbance dynamics, yet remains
sufficient to reveal estimation—noise trade-offs when observers
are introduced. No additional filtering stages are incorporated
beyond those intrinsic to the examined architectures, so that noise
sensitivity remains visible in its natural form.

3.1. Reference Trajectory and Excitation Philosophy

The control objective is defined as bounded reference
tracking. The chosen reference trajectory contains multiple
frequency components so that both slow and moderately varying
system responses are excited. This ensures that disturbance
compensation mechanisms are exercised across different
dynamic regimes rather than being evaluated under a single
operating condition.

The disturbance signal is constructed as a smooth yet
persistent perturbation composed of multiple frequency
components. The emphasis is not on abrupt or impulsive
excitation, but on structured uncertainty that challenges sustained
compensation. This profile allows one to observe whether
disturbance effects are absorbed implicitly by switching activity
or explicitly by estimation mechanisms.

By avoiding extreme or pathological disturbance
scenarios, the framework maintains interpretability. The intent is
not to push the controller to instability limits, but to observe how
robustness manifests at the signal level under realistic and
persistent uncertainty.
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3.2. Numerical Consistency Across Architectures

All controller variants are evaluated under an identical
numerical framework. The same plant realization, disturbance
signal, and reference trajectory are applied to each architecture.
Differences in behavior therefore stem exclusively from
structural modifications within the control loop.

Actuator saturation limits are enforced uniformly, and no
additional compensation mechanisms (e.g., anti-windup
schemes) are introduced. This ensures that observed differences
reflect architectural redistribution of disturbance compensation
rather than auxiliary mechanisms.

4. COMPARATIVE PERFORMANCE
EVALUATION

This section examines how different disturbance-aware
sliding mode architectures express robustness at the signal level.
The purpose is not to establish numerical superiority, but to
interpret how the redistribution of disturbance compensation
influences observable behavior. All considered configurations
operate within a common structural setting so that architectural
differences, rather than modeling variations, explain the observed
distinctions. The discussion therefore emphasizes trends and
qualitative patterns rather than isolated quantitative metrics.

4.1. Interpreting Tracking Behavior

Across configurations, stable reference tracking is
preserved. This outcome is consistent with the matched-
disturbance framework of sliding mode theory, which guarantees
invariance properties under appropriate gain selection. The
introduction of explicit disturbance estimation does not alter this
fundamental guarantee. What changes is the manner in which
robustness is manifested. In baseline sliding mode control,
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uncertainty is absorbed predominantly through switching activity.
In observer-augmented structures, part of the disturbance
influence is compensated through the estimation layer before it
reaches the switching mechanism.

From an architectural standpoint, tracking precision
therefore reflects not only the sliding surface design, but also the
internal allocation of compensation effort. In the examined
scenarios, performance differences remain modest, indicating
that estimation enhances signal distribution rather than redefining
stability properties.

4.2. Disturbance Estimation as Structural
Redistribution

The disturbance estimate serves as a structural mediator
between uncertainty and control action. Rather than being
eliminated, disturbance effects are reconstructed and explicitly
incorporated into the control loop. ESO-based structures tend to
exhibit smoother disturbance reconstructions, reflecting
bandwidth-limited estimation. Sliding-mode-based observers
respond more aggressively, often achieving rapid convergence at
the cost of increased sensitivity to measurement noise. These
differences do not fundamentally alter robustness, but they
reshape how it becomes visible in the control signal.

The key architectural insight is that explicit estimation
modifies where compensation occurs. Baseline SMC
concentrates corrective effort in the discontinuous term.
Observer-augmented SMC shares this burden between the
estimation layer and the switching component.

4.3. Control Signal Expression and Smoothness

The most visible distinction between architectures appears
in the control signal. In the absence of disturbance estimation, the
switching term carries the primary responsibility for
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counteracting uncertainty. This can lead to visibly active control
behavior under persistent disturbances. When a disturbance
estimate is available, part of this activity is absorbed internally
before it manifests as switching intensity. The control signal may
therefore appear smoother, even though the underlying
robustness properties remain unchanged. This redistribution is
particularly noticeable under slowly varying or bias-like
disturbances. Under rapidly changing conditions, estimation
limits become more apparent, and differences between
architectures diminish.

4.4. Practical Implementation Perspective

From an implementation standpoint, disturbance-aware
structures introduce additional internal dynamics associated with
estimation. These dynamics increase algorithmic complexity, but
they also provide interpretability. The estimated disturbance
becomes an observable signal that can guide tuning decisions and
diagnostic reasoning. Importantly, disturbance estimation does
not inherently reduce computational execution requirements. Its
primary impact lies in signal-level redistribution of robustness
rather than in update sparsification. This distinction separates
disturbance-aware  architectures from  execution-oriented
refinements such as event-triggered control. Taken together, the
observations suggest that observer augmentation does not
redefine sliding mode robustness; instead, it reshapes its practical
expression.

4. DISCUSSION: PRACTICAL ROBUSTNESS
INSIGHTS

The comparative results presented in the previous section
offer an opportunity to reflect on disturbance-aware sliding mode
control from a practical engineering perspective. Rather than
focusing on numerical superiority, this discussion emphasizes
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how different architectural choices influence control behavior,
tuning effort, and interpretability. These aspects often play a
decisive role in real-world applications, even when formal
performance metrics appear similar, particularly in digitally
implemented systems.

4.1. When Disturbance Awareness is Beneficial

The simulations indicate that explicit disturbance
estimation can be advantageous in scenarios where disturbances
exhibit persistent or slowly varying components. In such cases,
observer-augmented architectures redistribute part of the
compensation task away from the switching mechanism. The
resulting control signals tend to exhibit reduced variation over
time, which may be desirable in systems sensitive to actuator
wear or mechanical stress, as also observed in applied
disturbance-aware SMC studies. This benefit does not imply that
disturbance-aware designs outperform baseline sliding mode
control in all circumstances. When disturbances change rapidly
or measurement noise dominates, the added estimation layer may
offer limited improvement. Under these conditions, the intrinsic
robustness of sliding mode control already provides a strong level
of disturbance rejection, consistent with classical robustness
interpretations.

From an application standpoint, disturbance awareness is
best viewed as an enhancement rather than a replacement. Its
value depends on the nature of uncertainty, the available sensing
quality, and the priorities of the control task.

4.2. Tuning Effort and Design Transparency

Introducing a disturbance observer reshapes the tuning
landscape. In baseline sliding mode control, robustness margins
are often enforced by selecting a sufficiently large switching gain.
This choice is straightforward but may lead to conservative
behavior, particularly when uncertainty is persistent.
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Observer-augmented  designs introduce additional
parameters that influence performance. Observer bandwidth,
correction gains, and smoothing mechanisms must be selected
alongside control gains. While this increases design effort, it also
enables more targeted adjustments. Uncertainty compensation
can be addressed explicitly through observer tuning rather than
implicitly through aggressive switching, a shift often highlighted
in disturbance-aware control frameworks.

Design transparency is an important consideration here.
Architectures that expose the disturbance estimate as an
accessible signal support diagnostic reasoning. Engineers can
inspect the estimate, assess its plausibility, and adjust parameters
accordingly. This transparency can be valuable during
commissioning and troubleshooting.

4.3. Noise Sensitivity and Bandwidth Trade-Offs

All disturbance estimation techniques rely on assumptions
regarding signal smoothness and noise characteristics. Increasing
observer bandwidth improves responsiveness but may amplify
measurement noise. Reducing bandwidth improves noise
robustness at the cost of delayed estimation.

These trade-offs are neither unique to a particular observer
design nor easily eliminated. Instead, they must be balanced in a
context-dependent manner. The simulation results suggest that
moderate observer tuning often yields the most balanced
behavior, avoiding both excessive noise amplification and
sluggish disturbance tracking. It is also worth noting that noise
sensitivity manifests differently across architectures. ESO-based
designs tend to smooth disturbance estimates naturally. Sliding-
mode-based observers respond more sharply, which can be
advantageous in low-noise settings but problematic otherwise.
These tendencies should be considered during controller
selection.
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4.4. Implications for Implementation-Oriented Design

From an implementation perspective, the choice between
baseline and disturbance-aware sliding mode control is rarely
binary. In many systems, a simple SMC design may already meet
performance requirements. In others, excessive control activity or
limited interpretability may motivate the introduction of
disturbance estimation.

The results presented in this chapter suggest that observer-
augmented SMC structures can provide meaningful benefits
without altering the fundamental robustness properties of sliding
mode control. At the same time, they introduce additional design
degrees of freedom that must be managed carefully. Ultimately,
the most appropriate architecture depends on application-specific
constraints. Computational resources, sensing quality, actuator
limitations, and performance priorities all influence the decision.
Simulation-based evaluation, as employed here, remains a
practical and effective tool for exploring these trade-offs before
committing to hardware implementation.

5. CONCLUSIONS AND RESEARCH OUTLOOK

This chapter examined disturbance-aware sliding mode
control from an architectural and implementation-oriented
perspective. No new control laws or observer formulations were
introduced. Instead, the focus was placed on how explicit
disturbance estimation alters the practical behavior and
interpretation of sliding mode control. Baseline SMC and
observer-augmented variants were considered within a common
nonlinear benchmark under matched disturbance conditions,
allowing structural differences to be observed under comparable
assumptions.
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The simulation results indicate that incorporating
disturbance estimation does not alter the fundamental robustness
traditionally associated with sliding mode control. Stable
reference tracking is preserved across all examined architectures.
What changes is the manner in which robustness is expressed at
the signal level. When a disturbance estimate is available, part of
the compensation effort shifts away from the switching action
toward the estimation layer. This redistribution affects control
smoothness, tuning emphasis, and the visibility of internal
signals.

Several practical observations follow from this
comparison. Observer-augmented structures often exhibit less
visibly aggressive control behavior when disturbances vary
slowly or contain bias-like components. They also provide
auxiliary signals that can assist during tuning and commissioning.
At the same time, these benefits introduce additional
considerations. Observer bandwidth selection, noise sensitivity,
and interaction with the control loop require careful attention.
Across the studied scenarios, no single architecture emerges as
uniformly preferable.

From an engineering standpoint, disturbance-aware
sliding mode control is best viewed as an optional enhancement
rather than a default solution. In applications where a baseline
SMC design already meets performance and implementation
requirements, additional estimation layers may offer limited
benefit. In contrast, when persistent disturbances, excessive
control activity, or limited interpretability are concerns, observer
augmentation can provide meaningful advantages.

The scope of the chapter was intentionally limited. Only
matched disturbances were considered, and the benchmark
system was selected for clarity rather than realism. Extensions to
unmatched uncertainty, measurement delays, or networked
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implementations remain open topics. Further investigation of
higher-order sliding mode controllers and adaptive or gain-
scheduled observers is also warranted, particularly in discrete-
time and embedded settings.

Another possible direction involves data-assisted or
learning-based disturbance estimation. Such methods may
complement classical observers by adapting to changing
conditions over time. Any such extension, however, must be
approached cautiously to preserve the interpretability and
robustness that motivate the use of sliding mode control in the
first place.

Overall, this chapter is intended as a practical reference
rather than a prescriptive guide. By emphasizing architectural
clarity and simulation-based observation, it aims to support
informed and context-aware design choices when combining
sliding mode control with explicit disturbance estimation.
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SLIDING MODE BASED SELF-
OPTIMIZATION: DESIGN PRINCIPLES AND
NUMERICAL ILLUSTRATION!

Ahmet CAKANEL?
Vadim I. UTKIN?®

1. INTRODUCTION

Optimization is an inherent objective in many control
applications. In a number of practical systems, the desired
operating condition is not specified as a fixed reference value.
Instead, it corresponds to an extremum of a performance function
that may be only partially known. In such cases, regulation and
search must coexist. The controller implicitly performs both
tasks.

Extremum-seeking control has addressed this problem for
several decades (Krsti¢ & Wang, 2000; Ariyur & Krsti¢, 2003;
Tan, Nesi¢, & Mareels, 2006). Classical approaches typically rely
on gradient information. The gradient may be calculated
analytically, estimated numerically, or reconstructed via probing
signals. Periodic perturbations and averaging analysis are often
involved (Krsti¢ & Wang, 2000; Ariyur & Krsti¢, 2003; Tan,
Nesi¢, & Mareels, 2006). These methods have been used

L This chapter is based in part on the doctoral dissertation entitled “Self-Optimization
Systems Design Based on Sliding Mode Control”, completed by Ahmet Cakanel at
The Ohio State University, Department of Electrical and Computer Engineering,
2017. The material has been reorganized and adapted for the present format.
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successfully in many applications. Nevertheless, practical
implementation may require additional signal injection, filtering,
and parameter tuning. Near an extremum, the gradient magnitude
naturally decreases. Convergence may slow down. Sensitivity to
disturbances may increase.

Sliding Mode Control (SMC) offers a different
perspective. Its primary domain has been regulation and tracking
problems under uncertainty (Utkin, 1977; Utkin, 2013; Edwards
& Spurgeon, 1998; Shtessel et al., 2014). The approach employs
discontinuous control actions to enforce motion on a predefined
manifold. Robustness with respect to matched disturbances is a
well-documented property. The method is not traditionally
associated with extremum-seeking. Still, the underlying
mechanism allows an alternative interpretation.

In sliding-mode-based self-optimization, the extremum
search is reformulated as a tracking problem with a monotonic
reference signal. The reference evolves in a single direction. The
plant output is forced to follow it. As long as feasibility conditions
are satisfied, the state evolves toward the extremum region. No
explicit gradient measurement is required. The switching
structure replaces direct derivative evaluation.

Accuracy in such a framework is not arbitrarily adjustable.
When the trajectory approaches the extremum, ideal sliding
motion cannot persist in continuous form. A bounded oscillatory
regime appears. Its amplitude is related to the hysteresis
implementation. This feature does not represent a failure of the
method; rather, it defines its practical resolution.

The aim of this chapter is to present the method from a
design-oriented viewpoint. The emphasis is on structural
properties. Formal proofs are not repeated in full detail. Instead,
selected elements are revisited in a compact form, followed by a
simple numerical illustration. The example serves to demonstrate
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parameter influence and switching behavior. No global optimality
claim is made.

2. SELF OPTIMIZATION PROBLEM
FORMULATION

Consider a dynamical plant whose steady-state behavior
may be expressed in the form

y=fx) (1)

where x € R represents an adjustable input and y € R
denotes a measurable performance output. The objective of self-
optimization is to steer the system toward an extremum point x*
satisfying

ff&x)=0 (2)

while relying solely on measurements of y. This
optimality condition is standard in steady-state optimization
theory (Khalil & Grizzle, 2002; Boyd & Vandenberghe, 2004). In

the present context, however, the explicit form of f(x) is not
assumed to be available.

In practical systems the function f(x) may be partially
known, poorly identified, or affected by disturbances. Even when
an approximate model exists, gradient information can be
sensitive to uncertainty. Instead of computing or estimating f'(x)
directly, one may seek a mechanism that drives x toward the
extremum using information that emerges from closed-loop
interaction. The viewpoint adopted here does not begin with
gradient reconstruction. It begins with a tracking structure.

To that end, introduce a reference signal g(t) that varies
monotonically according to

g(t) = —p, p>0 (3)
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Define the tracking error

e®) =g@® —y@®) 4

The optimization task is reformulated as enforcing € — 0.
If the output follows a decreasing reference, the associated input
x evolves in a direction consistent with local descent as long as
the plant gain does not change sign. The mechanism is indirect.
The system is not told where the extremum is located. It is instead
compelled to follow a moving reference whose monotonic
evolution induces directional motion in the input space.

Within this interpretation, extremum seeking becomes a
special case of a tracking problem with a structured reference.
The adjustment variable x is governed by

X =u, u = —Asign(e) (5)

where A>0 s a constant design parameter.
Discontinuous control of this type is standard in sliding-mode
design (Utkin, 1977; Levant, 2003). The switching action
attempts to drive the error toward the manifold € = 0. When
reachability conditions are satisfied, a sliding-type motion occurs
in the output space.

Ideal discontinuities are not physically realizable. In
implementation, switching is performed with a finite hysteresis
band. Let A > 0 denote half of the hysteresis width. The control
changes sign only when ¢ crosses +A. This modification prevents
infinitely fast switching and introduces a finite oscillatory region
near the sliding manifold. The presence of the hysteresis band is
not merely a practical detail. It defines the neighborhood in which
the search process eventually settles.

As the trajectory approaches the extremum, the local
gradient f'(x) decreases in magnitude. The sliding condition may
no longer be satisfied in an ideal sense. The closed-loop dynamics
then transition into a bounded oscillatory regime. The amplitude
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of this oscillation depends on the hysteresis parameter and on the
chosen gain A. Exact convergence to x* in continuous time is
therefore not expected under practical switching. Instead, a finite-
resolution neighborhood is obtained.

Figure 1 illustrates the overall structure of the proposed
scheme.

Figure 1. Block diagram of the sliding-mode-based self-
optimization scheme. A monotonically decreasing reference g(t) is
generated with slope p. The tracking error € = g — y is processed

through a hysteresis-based switching block. The resulting
discontinuous control signal u drives the integrator that updates
the search variable x.

The reference generator produces the monotonic signal
g(t), and the plant output y = f(x) follows this trajectory
through switching action. The direction of optimization emerges
from the interaction between the plant’s local gain and the sign of
the tracking error. No explicit gradient evaluation block is
required. The search process is therefore embedded in the closed-
loop structure itself.

3. SLIDING MODE BASED SEARCH
MECHANISM

The search mechanism follows directly from the tracking
structure introduced earlier. The switching law is driven by the
error ¢ = g(t) — y(t), and the resulting motion in x is obtained
through integration of the discontinuous signal u. To examine the
behavior more closely, consider the time derivative of the error
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E=g-y (6)
Assuming that the plant output satisfies y = f'(x) x and
using x = u, the error dynamics may be expressed as

E=—p—f'(u (7)
With the control law
u = —Asign(e) (8)

the dynamics of the tracking error become
&= —p+ Af'(x)sign(e) 9

The existence of sliding motion on the surface e = 0
follows under the condition

Alf'(x)| >p (10)

This inequality is analogous to the classical reachability
requirement in sliding mode theory (Utkin, 2013; Shtessel et al.,
2014). When it holds, the error is driven toward zero from both
sides of the manifold. The plant output therefore follows the
decreasing reference, and the variable x evolves in a direction
compatible with descent of the objective function. The directional
information is not computed explicitly. It appears through the
interaction between the plant gain f’(x) and the sign of .

As the state approaches the extremum region, the
magnitude of f'(x) reduces. The inequality A|f'(x)| > p may
then cease to hold. At that point ideal sliding motion cannot be
maintained. The system does not converge to a fixed equilibrium
in the classical sense. Instead, the trajectory remains in a bounded
neighborhood. This loss of ideal sliding near points where the
gain vanishes is consistent with established observations in
sliding mode analysis (Levant, 1993, 2003). It does not contradict
the mechanism. It defines its limitation.
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In practice, discontinuous switching is implemented
through hysteresis. Let 2A denote the band width. The control
reverses sign when ¢ crosses +A. The effect is twofold. First, the
switching frequency becomes finite and measurable. Second, the
closed-loop trajectory develops a steady oscillatory regime. The
oscillations are centered near the extremum, and their amplitude
depends on both A and the local gradient slope. The motion is
alternating. It is not stationary in an exact sense. However, its
mean position remains near the extremum region.

One important point follows from this structure. The
achievable accuracy is not arbitrarily small unless A is reduced.
Decreasing A narrows the oscillatory neighborhood. At the same
time, switching activity increases. The design trade-off is
therefore explicit. Precision is improved at the expense of higher
switching density. This balance is typical in practical sliding
mode implementations and does not require additional gradient
reconstruction. Viewed in this manner, sliding-mode-based self-
optimization can be interpreted as a sign-driven adjustment
process. The extremum is not identified through algebraic
differentiation. It is approached through enforced oscillatory
motion whose average drift is governed by the interaction of the
plant gain and the reference slope. The mechanism is structural
rather than algorithmic.

4. ACCURACY AND ROLE OF THE HYSTERESIS
BAND

When the condition A|f'(x)| > p ceases to hold near the
extremum, ideal sliding motion cannot be sustained. The system
does not settle at a fixed equilibrium. Instead, it evolves within a
small oscillatory region whose size is determined primarily by the
hysteresis band used in switching. Inside the band |e| < A, the
control alternates between two constant values. During one half-
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cycle the input x increases, and during the other it decreases.
Because the gradient f'(x) is not symmetric around the
extremum, the increments in x on either side are not identical. On
one side the gradient magnitude is relatively larger. Closer to the
extremum it diminishes. This imbalance introduces a slow
average drift toward the optimal region while individual cycles
generate bounded oscillations.

As the extremum is approached more closely, the
magnitude of the gradient decreases further. The oscillatory
regime becomes more pronounced relative to the local slope.
Exact convergence is therefore not expected in practice when
hysteresis is present. The trajectory remains confined within a
finite neighborhood. The width of this neighborhood is governed
by A together with the local gain.

A simple estimate may be obtained by noting that each
switching cycle corresponds to a traversal of approximately 2A in
the error variable. The associated variation in the input x is
therefore proportional to A scaled by the inverse of the local
gradient magnitude. From this observation it follows that the
steady-state deviation from the true extremum is of order A. The
approximation is qualitative, yet it captures the dominant
dependence.

The reference slope p influences how quickly the search
progresses during transients. It does not by itself determine the
final resolution. Even with a small p, the oscillatory band persists
if A is finite. Conversely, reducing A narrows the steady-state
neighborhood but increases switching activity. The trade-off
appears directly in the structure. Higher resolution requires more
frequent sign changes.

In implementation, the choice of A is therefore practical.
Very small values may lead to excessive switching in the presence
of measurement noise or sampling limitations. Larger values
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improve robustness but reduce attainable precision. The
oscillatory behavior near the extremum is not incidental. It
reflects the finite switching mechanism. Within this framework it
defines the achievable accuracy of the self-optimization process.

5. NUMERICAL ILLUSTRATION

To examine the structural properties of the proposed
scheme, consider the nonlinear scalar function

f(x) =(x—15)>+0.2(x—1.5)3 (11)

which possesses a single minimum near x* = 1.5. The
cubic term introduces mild asymmetry so that the gradients on
either side of the extremum are not identical. This avoids the
symmetry of a purely quadratic test function and produces
slightly different local slopes in ascent and descent directions.

The variable x is updated through the discontinuous law
developed earlier. The output is defined as y = f(x), and the
reference evolves according to g = —p. Switching is
implemented with a hysteresis band |e| < A. All simulations were
carried out in discrete time with fixed integration step.

Two initial conditions were considered. The first case uses
xo = —0.5, which lies on the descending side of the objective
function. The second case uses x, = 3.0, which lies beyond the
minimum on the opposite slope. The objective here is not
comparative benchmarking, but observation of structural
behavior.
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Table 1 Design-oriented sweep results in the steady oscillatory
regime (xo = —0.5). All steady-state quantities are computed
over the final simulation interval

A X A, RMS(&) Ny, T pr[ms]
0.03 -0.1223 0.085 0.0260 168 35.714
0.02 -0.1169 0.085 0.0162 170 35.294
0.01 -0.1103 0.090 0.0064 174 34.483
0.006 -0.1079 0.085 0.0031 174 34.483
0.004 -0.1067 0.085 0.0024 306 19.608

Here, X denotes the steady-state mean value of the search
variable, Ax represents the oscillation amplitude of x in steady
state, N, is the total number of switching events observed, and
T grdenotes the mean inter-event time.

For x, = —0.5, the system evolves toward a bounded
oscillatory regime. Table 1 reports steady-state quantities for
several values of A. As A decreases from 0.03 to 0.004, the RMS
tracking error decreases from approximately 0.026 to 0.0024. The
steady-state mean of x shifts gradually, while remaining in a
confined neighborhood. The oscillation amplitude remains
bounded. Switching activity increases as the band narrows. For
the smallest band width considered, the number of switching
events approximately doubles compared to the largest band. The
trend follows directly from the relay structure.
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x0=-0.5, A=0.01, A=5.0, p=0.12, dt=0.001 — Output vs Referance
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Figure 2. Output y(t) and reference g(t) for A= 0.01, xy =
-0.5

Figure 2 shows representative trajectories of y(t) and
g(t) for A= 0.01 with x, = —0.5. After the initial transient, the
output follows the monotonic reference with small oscillations.
The bounded nature of the steady state is visible. Figure 3 presents
a magnified portion of the switching signal. The control alternates
between two finite values. No excessively rapid toggling appears
in this example.

x0=-0.5, 4=0.01, A=5.0, p=0.12, dt=0.001 — Switching Zoom (most active window)
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Figure 3. Zoomed segment of switching signal u(t) for A= 0.01,
x0 = —0.5.

48



Elektrik-Elektronik ve Haberlesme Miihendisligi Alaninda Bilimsel Arastirmalar

The dependence of steady-state accuracy on A is shown
directly in Figure 4. The decrease in RMS tracking error with
decreasing hysteresis width is clearly visible. The relationship is
not perfectly linear, which reflects the influence of the local
gradient. Nevertheless, the dominant dependence remains
evident.

Resolution vs Hysteresis Width

0.025

0.020

0.015 A

RMS{e) (steady)

0.010 A

0.005 -

0.005 0.010 0.015 0.020 D.025 0.030
Hysteresis width &

Figure 4. Steady-state RMS tracking error as a function of
hysteresis width.

When the initial condition is changed to x, = 3.0, a
different behavior is obtained. The trajectory does not enter an
oscillatory regime around the extremum. After a single switching
event, the state moves monotonically in one direction. The mean
value grows significantly within the simulation interval. Figure 5
illustrates this case. The monotonic nature of the reference and
the absence of gradient sign correction led to departure from the
extremum basin.
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x0=3.0, A=0.01, A=5.0, p=0.12, dt=0.001 — Input State x(t)
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Figure 5. State trajectory for x, = 3.0 with A = 0.01.

Two structural features are therefore apparent. The first
concerns attainable steady-state accuracy, which depends
primarily on the hysteresis width. The second concerns basin
dependence. The method does not guarantee global convergence
from arbitrary initial conditions. Within the appropriate region of
the objective function, bounded oscillatory motion around the
extremum is observed. Outside that region, the trajectory may
move away from the minimum.

6. DISCUSSION

The preceding development examined sliding-mode-
based self-optimization as a gradient-free search mechanism built
around a discontinuous tracking structure. The essential feature is
that directional information is not computed explicitly. No
analytical differentiation is performed. Instead, the sign of the
tracking error, combined with the plant’s local gain, determines
the motion in the input space. When reachability conditions are
satisfied, the closed-loop system exhibits a sliding-type behavior
in the output variable. The search appears as a consequence of
this interaction.
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Near the extremum, the gradient magnitude decreases.
The classical sliding inequality cannot be maintained arbitrarily
close to the minimum. The system then evolves within a bounded
oscillatory region. This transition does not indicate instability. It
reflects the finite implementation of discontinuous control. The
hysteresis width introduces a resolution scale. Reducing A
contracts the neighborhood around the extremum, but switching
activity increases accordingly. The relationship is direct and can
be observed numerically in the preceding section.

The reference slope p influences how rapidly the search
progresses during transients. It does not determine the final
steady-state accuracy on its own. That accuracy is tied more
closely to the hysteresis band and the local gradient magnitude.
The control gain A affects the robustness margin of the
reachability condition. Very large gains are not necessary in the
simple scalar example presented here, yet the parameter remains
relevant in uncertain or higher-order systems.

When compared conceptually to classical extremum-
seeking schemes that employ probing or dithering signals (Krsti¢
& Wang, 2000; Ariyur & Krsti¢, 2003; Tan, Nesi¢, & Mareels,
2006; Stankovi¢ & Stipanovi¢, 2010; Dochain, Perrier, & Guay,
2011), the present formulation avoids the need for injected high-
frequency excitation and additional filtering stages. At the same
time, both approaches share an important limitation. Under
realistic switching or sampling constraints, convergence to the
exact extremum is not achieved in finite time. Practical operation
Is characterized by bounded motion around the optimal region.

The numerical illustration also indicates that convergence
is not global with respect to the initial condition. The reference is
monotonic and does not adapt its direction. If the initial state lies
outside the region in which the gradient sign is compatible with
the enforced tracking condition, the trajectory may not approach
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the extremum. In this sense, the method should be viewed as a
structured local search mechanism rather than a universal
optimization solver.

From an implementation perspective, the formulation
remains relatively simple. The algorithm requires measurement
of the performance output and realization of a relay-type
switching law. No gradient reconstruction block appears in the
structure. This may be advantageous in applications where
modeling uncertainty is significant or where computational
simplicity is preferred. Sliding-mode-based self-optimization
therefore occupies a distinct position among gradient-free
techniques. Its defining characteristics are robustness, structural
simplicity, and a resolution determined explicitly by switching
design choices.

7. CONCLUSION

This chapter examined sliding-mode-based self-
optimization from a design-oriented viewpoint. The extremum-
seeking task was reformulated as a tracking problem driven by a
monotonic reference signal. Within this structure, directional
motion toward the extremum emerges without explicit gradient
evaluation. The control law remains discontinuous, and its
implementation through hysteresis determines the steady-state
behavior.

The analysis indicates that attainable accuracy is closely
linked to the switching band. The reference slope influences how
rapidly the state approaches the extremum region during
transients. Near the optimum, the gradient magnitude decreases
and ideal sliding motion cannot persist in continuous form. A
bounded oscillatory regime appears instead. Its amplitude scales
with the hysteresis width and the local gain. This behavior is not
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incidental; it defines the finite resolution of the method under
practical switching.

The numerical illustration showed these structural
properties in a simple scalar example. For initial conditions
within the appropriate basin, the system entered a bounded
oscillatory motion around the extremum region. When the initial
condition was chosen outside that region, convergence was not
observed. The method therefore operates as a local search
mechanism. It does not claim global optimality.

Despite its conceptual simplicity, the approach offers an
alternative to schemes that rely on gradient reconstruction or
high-frequency  probing. Implementation requires only
measurement of the performance output and a relay-type
switching law. The resulting behavior reflects a compromise.
Convergence speed, robustness, and switching activity are linked
through the switching design. The framework may serve as a
starting point for further extensions in systems where the
operating point must be adjusted during operation and detailed
analytical models are not readily available.
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SEZGISEL OPTIMIZASYON
ALGORITMALARI KULLANILARAK PEMFC
MODELLERININ KARSILASTIRMALI
PARAMETRE TAHMINI

Mustafa SAKA!
Melih COBAN?

1. GIRIS

Kiiresel enerji talebinin siirekli artmasi, geleneksel fosil
yakit rezervlerinin hizla tiikkenmesi ve c¢evresel kirliligin
azaltilmasina yonelik acil ihtiyag, siirdiiriilebilir ve temiz enerji
¢Ozlimlerine yonelik arayisi yogunlastirmistir. Bu baglamda,
hidrojen, yiiksek dontisiim verimliligi, cevre dostu olmasi ve ¢ok
yonliiliigli nedeniyle en umut vadeden enerji tastyicilarindan biri
olarak ortaya ¢ikmistir. Hidrojen bazli enerji sistemlerine gecis,
ozellikle toplam enerji tiiketiminin ve sera gazi emisyonlarinin

Oonemli bir bolimiinii olusturan kentsel bdlgelerde daha da
artmaktadir (Xu vd., 2019).

Hidrojen enerji doniisiim teknolojileri arasinda, hidrojenin
kimyasal enerjisini minimum ¢evresel etkiyle dogrudan elektrik
enerjisine doniistlirebilen verimli elektrokimyasal cihazlar olarak
yakit hiicreleri 6ne ¢ikmaktadir. Ozellikle proton degisim
membranli yakit hiicreleri (PEMFC), yiiksek giic yogunlugu,
iistiin verimlilik, diisiik calisma sicakligi, hizli baglatma yetenegi,
kompakt yapisi, diisiik giiriiltii emisyonu ve elverigli dinamik

1 Do¢. Dr., Iskenderun Teknik Universitesi, Miihendislik ve Doga Bilimleri
Fakdiltesi, Elektrik Elektronik Miihendisligi, ORCID: 0000-0003-4157-2980.

2 Dr. Ogr. Uyesi, Bolu Abant izzet Baysal Universitesi, Miithendislik Fakiiltesi,
Elektrik Elektronik Miihendisligi, ORCID: 0000-0001-9528-7187.
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tepkisi nedeniyle 6nemli bir arastirma konusu olmustur. Bu ayirt
edici ozellikler, PEMFC'leri yiiksek enerji yogunlugunun ve
kritik gereksinimlerin oldugu ulasim sistemleri de dahil olmak
lizere genis bir uygulama yelpazesi i¢in son derece onemli kilar.
Avantajlarina ragmen, PEMFC'ler karmasik dinamik davranis
sergilerler. Bu davranislar arasindaki etkilesim, dogru performans
analizi, sistem optimizasyonu ve gelismis kontrol tasarimi igin
onemli zorluklar olusturur. Sonug¢ olarak, PEMFC sistemlerinin
guvenilir bir sekilde matematiksel modellenmesi, i¢ fiziksel
stirecleri anlamada ve verimliligi artirmada ¢ok 6nemli bir rol
oynar (Menesy vd., 2025).

PEMFC modellemesi, ¢ikis gerilimi ve akim yogunlugu
arasindaki iligkiyi tanimlayan polarizasyon egrisinin dogru bir
sekilde karakterize edilmesine odaklanir. Bu egri, birden fazla i¢
kay1ip ve c¢alisma kosulunun birlesik etkilerini kapsar. Basitlikleri
ve hesaplama verimlilikleri nedeniyle, bu amagla ampirik ve yari
ampirik modeller yaygin olarak kullanilmaktadir. Ancak, bu
modeller, yliksek modelleme dogrulugunu saglamak i¢in dogru
tahmin edilmesi sart olan bircok bilinmeyen parametre
icermektedir. PEMFC sistemlerinde parametre tanimlama,
optimizasyon ortaminin dogrusal olmayan, ¢cok degiskenli ve ¢ok
modlu dogas1 nedeniyle zordur ve genellikle birden fazla yerel
optimuma yol acar. Geleneksel optimizasyon teknikleri, bu
kosullar altinda tatmin edici tahmin dogrulugu ve saglamligi elde
etmekte siklikla basarisiz olmaktadir. Bu nedenle, sezgisel
optimizasyon algoritmalarina dayali gelismis parametre tahmin
yontemleri son yillarda giderek artan bir ilgi gérmektedir. Bu
teknikler, gelismis kiiresel arama yetenegi, iyilestirilmis
yakinsama Ozellikleri ve dogrusal olmayan optimizasyon
problemlerine iistiin uyarlanabilirlik sunmaktadir. PEMFC model
parametrelerinin  dogru bir sekilde tanimlanmasiyla, sistem
modelleme hassasiyetini, performans tahminini, ariza teshisini ve
gercek zamanl kontrol stratejilerini 6nemli 6lciide iyilestirmek
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miimkiin hale gelir. Bu baglamda, saglam ve verimli parametre
tahmin ¢erceveleri gelistirmek, PEMFC teknolojilerinin pratik
olarak uygulanmasin1 ve bilylik Olgekli ticarilestirilmesini
hizlandirmak igin kritik dneme sahiptir (Ayyaro vd., 2024).

PEMFC sistemlerinin dogrusal olmayan, ¢ok degiskenli
ve karmagik yapisi, parametre tahmin problemini zorlu bir
optimizasyon problemi haline getirmekte ve klasik yontemlerin
bu tiir problemlerde yetersiz kaldigin1 gostermektedir. Bu
nedenle, literatirde meta-sezgisel ve hibrit optimizasyon
algoritmalarina dayali pek c¢ok yenilik¢i yaklasim Onerilmistir
(Ayyaro vd., 2024; Rezk vd., 2022; Hachana & El-Fergany 2022).

(Mbasso vd., 2025) yaptiklar1 ¢alismada kiiresel arama ve
yerel iyilestirme yeteneklerini dengeleyen hibrit bir meta-sezgisel
yontem olan HBASCSO algoritmast gelistirilmis ve alt1 farkli
PEMFC yigin1 iizerinde test edilmistir. Onerilen yéntem, PSO,
DE ve GWO gibi geleneksel algoritmalara kiyasla %90’
lizerinde yakinsama hizi artis1 ve %70’e varan tahmin hatasi
azalmasi saglamistir. Benzer sekilde, ¢alisma (El-Fergany, 2018)’
de Salp Swarm Optimizer (SSO) tabanli bir yaklagim kullanilarak
PEMFC modelinin bilinmeyen parametreleri toplam karesel
sapma (TSD) minimizasyonu yoluyla basariyla tahmin edilmistir.
NedStack PS6 ve BCS 500 W PEMFC sistemleri uzerinde
gerceklestirilen ¢aligsmalar, onerilen yontemin yiiksek dogruluk,
hizli yakinsama ve literatiirdeki diger algoritmalara gore iistiin
performans sergiledigini gostermistir (EI-Fergany, 2018). Moth
Search Algorithm (MSA) temelli bir baska calismada, PEMFC
parametre tahmini problemi ic¢in yeni bir optimizasyon cergevesi
sunulmus ve yontemin etkinligi iki farkli test sistemi iizerinde
dogrulanmigtir. Calismada, deneysel ve hesaplanan gerilim
degerleri arasindaki toplam karesel fark minimize edilerek
yliksek model uyumu elde edilmis, ayrica onerilen algoritmanin
mevcut literatiirdeki yontemlere gore daha kararli sonuglar
sundugu rapor edilmistir (Sun, Su, Yin, & Jermsittiparsert, 2020).
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(Menesy vd., 2025) yaptiklart c¢alogsmada ise Electric Eel
Foraging Optimization (EEFO) algoritmasi kullanilarak PEMFC
parametre tahmini gergeklestirilmis ve dort farkl ticari PEMFC
sistemi iizerinde dogrulanmistir. Sonuglar, EEFO algoritmasinin
yiiksek dogruluk, hizli yakinsama ve giiclii kararlilik sundugunu,
ayrica hesaplama yikiini azaltan indirgenmis parametreli

modellerle yiiksek uyum saglandigini gostermistir (Menesy vd.,
2025).

Bu calisma kapsaminda, PEMFC modelinin parametre
tahmini problemi {i¢ farkli sezgisel optimizasyon yontemi (Zebra
Optimizasyon  Algoritmasi, Altin  Cakal Optimizasyon
Algoritmasi ve Dhole Optimizasyon Algoritmas1) kullanilarak ele
alinmistir. Her bir algoritmanin performansi karsilagtirmali olarak
degerlendirilmis ve elde edilen sonuclar Gzerinden ydéntemler
analiz edilmistir. Boylece, PEMFC parametre tahmini problemi
icin en uygun optimizasyon yaklasgimmin belirlenmesi
amagclanmstir.

2. PEMFC’nin MATEMATIKSEL
MODELLENMESI

PEMFC, hidrojen ve oksijenin kimyasal enerjisini
katalitik reaksiyonlar yoluyla dogrudan -elektrik enerjisine
dontstiiren elektrokimyasal bir cihazdir. Hiicre, bir anot, bir katot
ve bir proton degisim membran1 (PEM) igerirken, akis kanallari
reaksiyon gazlarini katalizor katmanlarina saglar. Anotta,
hidrojen proton ve elektronlara ayrigir. Protonlar PEM iizerinden
katoda dogru hareket ederken, elektronlar harici bir devre
iizerinden hareket ederek elektrik akimi tretir. Katotta, oksijen
proton ve elektronlarla birleserek su ve 1s1 lretir.

PEMFC'nin agik devre voltajin1 simiile etmek igin
genellikle Nernst denklemi (En) kullanilir. Bu denklem (1)
(Mbasso vd., 2025) ile formile edilir.
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E, =1.229 - 0.85x 1073(T; — 298.15) + 4.3085 x 107> x
Tr X In (Py,/Po,) 1)

Ty (K) hiicrenin sicakligini gosterirken, Py, ve Pp,
sirastyla H, ve O, kismi basinglarini (atm) ifade etmektedir.
PEMFC'leri olusturan {i¢ tip asir1 potansiyel vardir. Birincisi
diisik akimda aktivasyon voltaji (Vact), iKincisi membran
direncinin bir fonksiyonu olarak ifade edilen Ohmik direng
diistisit (VR) ve Uglincusli konsantrasyon asirt potansiyelidir
(Veonc). Bu voltaj dustisleri sirasiyla asagidaki denklemlerdeki
gibi ifade edilebilirler.

Vact = =61 + & T + 3T ln(Coz) + &, T In(17)] 2
p —498
o
0; = 5.08><2106 xe's 3)
Xl
Vi = It (Rm + Rc), Ry = 22 4)

1 T 1
f fy2y - fy25

Pm = T ;=303 (5)

I 4.18
[y—o.634—3(7f)9]e Ty

Veone = —fBIn (ﬁ) (6)

Co,0ksijen konsantrasyonunu ifade etmektedir. &;, ... &,
degerleri optimizasyon teknigi ile tahmin edilen parametrelerdir.
R,, ve R, smrasiyla membran ve baglanti direnglerini
gostermektedir. p,,, membran 6z direncini, [ membran kalinligini
ve A membran alanin1 § ve y ayarlanabilir parametreleri ifade
etmektedir. j,q, ise maksimum akim yogunlugudur. Daha
yiiksek gerilim elde edebilmek i¢in hiicreler seri baglanmaktadir.
Seri baglanmis hiicre yiginin gerilim asagidaki gibi ifade
edilebilmektedir.

Vstack = Neeus X (En = Vact = VR—Veonc) (7)
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Burada, N, hiicre sayisin1 gdstermektedir. Ureticiler
tarafindan kullanicilara sunulmayan parametreler (¢,... &4, R, )
optimizasyon algoritmalar1 tarafindan en iyi sekilde tespit
edilmesi gerekir. Amag fonksiyonu, o6lgilen ve tahmin edilen
hiicre y1gin gerilim noktalar1 arasindaki karesel hatalarin toplami1
ile formiile edilmistir. Se¢ilen bu amag fonksiyonun temel amaci,
tahmin edilen ve Olgiilen I/V egrileri arasinda yeterli uyum
saglayarak yedi bilinmeyen parametreyi en iyi sekilde tahmin
etmektir. Bahsedilen amag fonksiyonu asagidaki gibi yazilabilir.

FO) = I (Wimeas (0) — Vest (D)2 (8)

3. METOTLAR

Bu c¢alismada PEMFC igin optimal parametrelerin
belirlenmesi amaciyla Zebra Optimizasyon Algoritmasi (ZOA)
(Trojovska, Dehghani, & Trojovsky, 2022), Altin Cakal
Optimizasyon algoritmas1 (GJO) (Chopra & Ansari, 2022) ve
Dhole Optimizasyon Algoritmasi (DOA) (Mohammed, Aghdasi,
& Salehpour, 2025) segilmis ve kullanilmstir.

3.1. Zebra Optimizasyon Algoritmasi

Zebra Optimizasyon Algoritmasi, 2022 yilinda Trojovska
ve digerleri tarafindan Onerilmis populasyon tabanli bir
optimizasyon algoritmasidir (Trojovska vd., 2022). ZOA, dogada
bulunan zebra siiriilerinin  otlanma ve avcidan kagma
davranislarindan ilham alinarak gelistirilmistir.

ZOA’da her bir zebra, aday ¢o6zim olarak
degerlendirilmektedir. ZOA temel olarak iki farkli fazdan
olusmaktadir: otlanma faz1 ve avcidan kagma faz1 (Trojovska vd.,
2022). Otlama fazinda, zebralar rastgele dagilmis durumdadir.
ZOA’da en iyi populasyon lyesi olan zebra dncii zebra olarak
tanimlanmakta ve diger populasyan iiyelerini arama alanindaki
konumuna dogru yonlendirmektedir (Trojovska vd., 2022). Bu
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sayede aday c¢oOziimlerin genis bir alam1  taramasi
hedeflenmektedir. Avcidan kagma fazinda ise =zebralarin
yirticalara karsi savunma durumlari dikkate alinmaktadir ve bu
sayede pozisyonlarinin glincellenmesi saglanmaktadir (Trojovska
vd., 2022). Bu fazda iki farkli olasilik durumu s6z konusudur;

1) Zebralara aslanlarin saldirmasi: Zebralara aslanlarin
saldirmasi1 durumunda, zebralar kendileri i¢in farkli
kacis noktalarina dogru hareket ederler.

2) Zebralara diger yirticilarin saldirmasi: Diger yirticilar
popiilasyon icindeki bir zebraya saldirdiginda, diger
zebralar saldirtya ugrayan zebraya dogru hareket
ederek bir savunma strateji gergeklestirirler.

Boylece aday ¢oziimlerin konumlarinin iyilestirilmesi ve
daha etkin ¢oztmlerin elde edilmesi hedeflenmektedir.

Bulunan en iyi c¢ozimler sonraki iterasyonlarda
kullanilmak {izere hafizada saklanmakta ve sonraki iterasyon
siireclerinde kullanilmaktadir.

3.2. Altin Cakal Optimizasyon Algoritmasi

Altin Cakal Optimizasyon algoritmasi, Chopra ve Ansari
tarafindan 2022 yilinda literatiire kazandirilmis popiilasyon
tabanli bir optimizasyon algoritmasidir (Chopra & Ansari, 2022).
GJO, dogada buluna altin ¢akallarin avi arama, kusatma ve ava
saldirma davranislarindan ilham alinarak gelistirilmistir (Chopra
& Ansari, 2022).

GJO’da, altin ¢akallarin avlanma, avin enerjisinin
azaltilmasi ve avin kusatilarak saldirilmasi matemaktiksel olarak
modellenmigtir. GJO’da altin ¢akallar, optimizasyon algoritmasi
icin aday ¢oziim olarak degerlendirilmekte ve av, ilgili problem
icin optimal ¢oziim olarak diisiiniilmektedir. Altin cakallar
rastgele dagilarak, belirlenen arama uzay1 igerisinde avi
aramaktadirlar. Av, cakallar tarafindan rahatsiz edilerek,
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enerjisinin azaltilmast saglanir (Chopra & Ansari, 2022). Daha
sonraenerjisi azaltilan av, c¢akallar tarafindan kusatilarak
yakalanmaktadir.Bu sayade, ele alinan problem ig¢in optimal
¢Oziim bulunmaktadir.

3.3. Dhole Optimizasyon Algoritmasi

Dhole Optimizasyon Algoritmasi, Mohammed ve
digerleri tarafindan 2025 yilinda literatiire kazandirilmis
populasyon tabanli bir optimizasyon yontemidir (Mohammed
vd., 2025). DOA, dholelerin (bir tiir yaban kdpegi) avlanma
stratejilerinden ilham alinarak gelistirilmistir.

DOA’da, dholeler ilgili problem i¢in olas1 aday ¢oziimler
ve av ilgili problem igin optimal ¢6zim olarak
degerlendirilmektedir. DOA, temel olarak ¢ fazdan
olusmaktadir (Mohammed vd., 2025). i1k faz olan arama fazinda
dholeler, belirlenen arama wuzay1 igerisine  rastgele
dagilmaktadirlar. Bu sayede arama uzayinin tamaminin aranmasi
ve olas1 avlarin belirlenmesi saglanmaktadir. Ikinci faz olan
cevreleme fazinda, bir dhole tarafindan belirlenen av, diger
poplilasyon {iyeleri tarafindan c¢evrilir ve avin kagmamasi
saglanir. Bu sayede, aday ¢ozlimlerin optimal nokta etrafinda
yogunlasmasi saglanmaktadir. Uciincii faz ise saldir1 fazi1 olarak
adlandirilmaktadir. Bu fazda dholeler, ava dogru koordineli
sekilde saldirarak avi yakalamaya calismaktadir. Bu sayade, ele
alinan problem i¢in optimal ¢dziim bulunmaktadir.

4. TEST DURUMLARI VE BULGULAR

Bu boliimde, iki farkli durum i¢cin PEMFC parametreleri,
ZOA, GJO ve DOA yontemleri ile belirlenmistir. Gergeklestirilen
analizlerde popiilasyon sayisi 150 ve iterasyon sayist 100 olarak
se¢ilmistir.
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4.1. BCS-500W PEMFC

Bu bolimde 500W giiciine ve 30A maksimum akima
sahip bir PEMFC i¢in parametre analizleri gerceklestirilmistir.
ZOA, GJO ve DOA ile elde edilen parametrelerle hesaplanan
akim-gerilim degerleri, PEMFC i¢in olgiilen akim-gerilim
degerleri ile karsilastirilmistir. BCS-500W PEMFC ile ilgili
detayl bilgilere (Celtek, 2024), (Sun, Su, Yin, & Jermsittiparsert,
2020) ve (Kandidayeni, Macias, Khalatbarisoltani, Boulon, &
Kelouwani, 2019) referanslarindan ulasilabilir.

ZOA, GJO ve DOA yontemleri ile bulunan BCS-500
PEMFC parametreleri agagidaki tabloda verilmistir.

Tablo 1. BCS-500W PEMFC i¢in parametreler

&1 & &3 Ea A Rc B
(x10%) | (x10%) | (x10%) (x10%)
ZOA | -0.858 | 2.243 3.916 -18.763 | 18.860 | 0.323 0.014
GJO | -0.886 | 2.707 6.359 -18.954 | 20.807 | 0.338 0.015
DOA | -1.286 | 3.811 5.734 -19.302 | 21.955 | 0.135 0.017

BCS-500W PEMFC igin elde edilen sonuglar grafiksel
olarak asagidaki sekilde gosterilmistir.

30 T T T T T

16 1 1 1 1 1
0 5 10 15 20 25 30

Ipem

Sekil 1. BCS-500W i¢in elde edilen grafikler
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Burada elde edilen sonuglar incelendiginde, ZOA, GJO ve
DOA ile bulunan grafikler, dl¢iim grafigine olduk¢a yakindir.
Denklem 8’de verilen amag fonksiyonu igin; ZOA ile 0.0276 hata
degeri, GJO ile 0.0220 hata degeri ve DOA ile 0.0186 hata degeri
ciktilart olusmustur. Bu hata ¢iktilar1 dikkate alindiginda, DOA
ile bulunan grafik, GJO ve ZOA’ya kiyasla 6l¢iim degerlerine
daha yakin oldugu sdylenebilir.

4.2. Test Durumu 2: NedSStack PS6 PEMFC

Bu bolimde, 6kW NedSstack PEMFC icin parametre
analizleri gergeklestirilmistir. ZOA, GJO ve DOA ile elde edilen
parametrelerle hesaplanan akim-gerilim degerleri, PEMFC i¢in
Olciilen akim-gerilim degerleri ile karsilastirmali olarak
sunulmustur. NedSstack PS6 PEMFC igin detayli bilgilere (Sun
vd., 2020) ve (Kandidayeni vd., 2019) referanslarindan
ulasilabilir.

ZOA, GJO ve DOA yontemleri ile bulunan NedSStack
PS6 PEMFC parametreleri asagidaki tabloda verilmistir.

Tablo 2. NedSStack PS6 PEMFC i¢in parametreler

&1 &2 Es Ea I8 Re p
(x107) | (x10%) | (x10%) (x10°%)
ZOA | -0.870 2.450 3.601 -9.540 | 13.000 | 0.133 0.021
GJO | -1.058 3.010 3.689 -9.540 | 13.039 | 0.104 0.057
DOA | -0.899 2.730 5.007 -9.540 | 13.000 | 0.100 0.058

NedSStack PS6 PEMFC icin elde edilen sonuclar
grafiksel olarak asagidaki sekilde gosterilmistir.
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Sekil 2. NedSStack PS6 icin elde edilen grafikler

Sekil 2°de verilen grafiklerde, ZOA, GJO ve DOA ile elde
edilen grafiklerin, 6l¢iim grafigine oldukca yakin oldugu agikca
gorulmektedir. Denklem 8’de verilen amag fonksiyonu igin; ZOA
ile 2.1941 hata degeri, GJO ile 2.1738 hata degeri ve DOA ile
2.1566 hata degeri ¢iktilar1 olusmustur. Bu hata ¢iktilar1 dikkate
alindiginda, DOA ile bulunan grafigin, GJO ve ZOA’ya kiyasla
Ol¢ciim degerlerine daha yakin oldugu ifade edilebilir.

5. SONUC

PEMFC sistemlerinde parametre belirleme sureci,
optimizasyon probleminin dogrusal olmayan, ¢cok degiskenli ve
¢ok modlu yapisindan dolay1 olduk¢a karmasiktir ve cogu zaman
birden fazla yerel optimum ¢6zim icermektedir. Bu nedenle,
geleneksel optimizasyon yodntemleri bu tlr problemlerde yeterli
tahmin hassasiyeti ve kararlilig1 saglamada zorlanmaktadir. Bu
kapsamda Zebra Optimizasyon Algoritmasi, Altin Cakal
Optimizasyon algoritmasi ve Dhole Optimizasyon Algoritmasi
yontemleri, proton degisim membranli yakit hiicrelerinin
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parametrelerinin belirlenmesi amaciyla kullanilmistir. BCS-
500W ve NedSstack PS6 proton degisim membranli yakit
hicreleri i¢in, yedi farkli parametre degerleri bu yontemler
aracilifiyla elde edilmistir. Bu PEMFC’ler i¢in bulunan degerler,
grafiksel olarak Ol¢iim degerleri ile karsilastirmali olarak
sunulmustur. Ayrica, Ol¢iim degerleri ile belirtilen yéntemler
araciligiyla bulunan degerler arasindaki hata ¢iktilar1 da sayisal
olarak verilmistir. Elde edilen sonuglardan, DOA ydntemi ile
diger iki yonteme gOre daha diisiik hata ¢ikti degerleri elde
edildigi gozlemlenmistir. Bu nedenle, hem BCS-500W hem de
NedSstack PS6 PS6 proton degisim membranli yakit hiicrelerinin
parametrelerinin belirlenmesinde, DOA yOnteminin daha basarili
oldugu gozlemlenmistir.
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RECENT ADVANCES IN PHOTOVOLTAIC (PV)
TECHNOLOGIES: ENERGY EFFICIENCY TRENDS
AND SOLAR TRACKING INNOVATIONS

Tugba GURLER!
Safiullah SHIRZAD?

1. INTRODUCTION

Solar energy is the main source of energy. Furthermore,
it’s the oldest types of energy ever used by humans and ancient
civilizations believed that sun is a powerful god. Drying foods
through solar energy is known the first application of solar energy
(Kalogirou, 2004 as cited in Kalogirou 2009) The earliest known
large-scale application of solar energy is likely the legendary
burning of the Roman fleet in Syracuse by the Greek
mathematician and philosopher Archimedes around 212 B.C. For
over a thousand years, from 100 B.C. to 1100 A.D., this event was
frequently cited by various authors. However, it was later
dismissed by some as a myth, with skeptics arguing that the
technology to create the necessary mirrors did not exist at the time
(Delyannis, 1967 as cited in Kalogirou 2009). The central debate
revolved around whether Archimedes possessed sufficient
knowledge of optics to concentrate on sunlight and set fire to
ships from a distance. It is known that he authored a treatise titled
*On Burning Mirrors* (Meinel and Meinel, 1976), though the
original text has been lost and is only known through references.
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Departmant of Mechanical Engineering, ORCID: 0000-0003-3255-5521.

2 Graduate, Hitit University, Institute of Graduate Studies Department of
Interdisciplinary Energy Systems Engineering, ORCID: 0009-0000-8724-0418
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The event was recorded by the Greek historian Plutarch
(46-120 A.D.), who noted that the Romans thought they were
fighting supernatural forces after seeing unexplained devastation.
The incident was later described in detail by the Polish
mathematician Vitelio in his work *Optics*, which described "the
burning glass of Archimedes composed of 24 mirrors, which
conveyed the rays of the sun into a common focus and produced
an extra degree of heat" (Delyannis and Belessiotis, 2000;
Delyannis, 1967 as cited in Kalogirou 2009).

Centuries later, during the Byzantine era, the scholar
Proclus reportedly replicated Archimedes' experiment,
successfully burning the fleet of enemies besieging
Constantinople (Delyannis, 1967). In the 17th century,
Athanasius Kircher (1601-1680) attempted to test the legend's
scientific validity by trying to ignite a woodpile at a distance.
Unfortunately, no records of his findings have survived (Meinel
and Meinel, 1976 as cited in Kalogirou 2009).

According to a widely accepted alternate opinion among
historians, Archimedes used soldiers' polished shields rather than
polished mirrors. The sun's beams could have been focused onto
a single location on an enemy ship by arranging these shields to
create a massive parabolic reflector. Whether true or not, this tale
provided an early illustration of the enormous power found in sun
radiation.

Remarkably, the earliest documented attempts to harness
solar energy involved the use of concentrating collectors. These
systems are inherently complex, requiring precise construction
and the ability to track the sun. During the 18th century, solar
furnaces capable of melting metals like iron and copper were
constructed across Europe and the Middle East using materials
such as polished iron, glass lenses, and mirrors. A notable
example was built around 1774 by the renowned French chemist
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Antoine Lavoisier. He used a powerful lens system—a primary
lens of 1.32 meters paired with a secondary 0.2-meter lens—to
concentrate sunlight and achieve an extraordinary temperature of
1750°C, a record that stood for a century (see Figure 1). Around
the same time, the French naturalist Georges-Louis Leclerc,
Comte de Buffon (1747-1748) (Kalogirou, S. (2009), and
Delyannis, 2003 conducted experiments with what he termed "hot
mirrors burning at long distance as cited in Kalogirou 20009.

Figure 1. (1774), Lavoisier’s solar furnace (Kalogirou, S. 2009)

2. TECHNOLOGICAL DEVELOPMENTS IN PV
SYSTEMS AND THEIR PERFORMANCE
METRICS

Photovoltaic (PV) efficiency is a key metric for assessing
the performance of solar cells and modules. It indicates how
effectively a photovoltaic device transforms incoming solar
energy into usable electrical power. Improved conversion
efficiency enables a solar module to produce more electricity
from the same area, which is especially crucial in situations where
space for installation is restricted, such as in residential rooftop
systems and urban settings. The ratio of the power output
produced to the solar power received by the cell's surface is
known as the efficiency of a solar cell. This can be expressed
numerically as
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x 100 1
. (D

where nis the conversion efficiency, P_outis the electrical
power produced by the solar cell, and P_inis the solar irradiance
incident on the cell surface. Under standard test conditions (STC),
the incident solar irradiance is typically assumed to be 1000
W/mz, with a cell temperature of 25°C and an air mass (AM)
value of 1.5.

The material utilized, the structure of the cells, the
manufacturing process, and the operating environment all affect
how efficient photovoltaic systems are. For commercial products,
the module efficiencies of traditional crystalline silicon
technologies, which dominate the global PV market, usually
range from 18% to 23%. Because of its more homogeneous
crystal structure and lower electron recombination losses,
monocrystalline silicon cells often have higher efficiencies than
polycrystalline  ones. High-efficiency technologies like
passivated emitter and rear cell (PERC), heterojunction (HJT),
and interdigitated back contact (IBC) solar cells have been
developed as a result of recent developments in silicon cell
architecture.

Emerging solar materials have shown encouraging
efficiency gains over traditional silicon-based technology. In
addition to providing benefits like lightweight construction and
flexible applications, thin-film technologies, such as copper
indium gallium selenide (CIGS) and cadmium telluride (CdTe),
often attain commercial efficiencies in the region of 14-20%.
Perovskite solar cells have garnered a lot of scientific interest
lately because of their quick efficiency gains, which have allowed
them to achieve laboratory efficiencies of 25% in a comparatively
short amount of time (NREL, n.d).
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Furthermore, tandem  photovoltaic  technologies,
particularly perovskite-silicon tandem cells, have demonstrated
efficiencies exceeding 30% in laboratory conditions by
combining multiple semiconductor layers to capture a wider
portion of the solar spectrum (NREL, n.d).

It is important to note that laboratory efficiencies are often
higher than commercially available module efficiencies due to
ideal testing conditions and smaller cell sizes. In real-world
operating conditions, several factors can influence the effective
efficiency of PV systems. Factors influencing photovoltaic
system performance encompass temperature variations, shading,
dust buildup, module deterioration, inverter inefficiencies, and
system configuration aspects like tilt and orientation.
Furthermore, environmental elements such as fluctuating solar
radiation and ambient temperature can substantially impact
overall system output.

Current research and development initiatives are focused
on boosting PV efficiency through the use of advanced materials,
refined cell designs, and sophisticated system optimization
methods. Table 1 shows the typical efficiency of the different
solar cells (NREL, 2026).

Table 1. Typical PVs efficiencies

PV Technology Typical Commercial Efficiency
Monocrystalline Silicon 20-23%
Polycrystalline Silicon 17-20%
PERC 21-23%
HJT 22-25%
CdTe Thin Film 16-19%
CIGS Thin Film 15-20%
Perovskite (lab) 25-26%

Perovskite-Silicon Tandem (lab) ~ 30-33%
(NREL, 2026)

These advancements not only increase energy generation
but also lower the levelized cost of electricity derived from solar
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energy, thereby enhancing the competitiveness of photovoltaic
technology against traditional energy sources figure 2, figure 3
and , figure 4, figure 5 shows the efficiency of the crystalline and
perovskite solar panels(Viridian Solar, n.d.; NREL, n.d.)

Best Research-Cell Efficiencies
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Figure 2. Historical Progress of Best Research Cell Efficiencies for
Different Photovoltaic Technologies (NREL, 2026), Interactive
Best Research-Cell Efficiency Chart | Photovoltaic Research |
NLR

figure 7 illustrates the historical development of the best
research cell efficiencies for various photovoltaic (PV)
technologies over several decades. The graph presents the
evolution of solar cell performance from the mid-1970s to recent
years, highlighting the improvements achieved through
technological advancements and material innovations (NREL,
n.d) . The vertical axis represents the cell efficiency (%), while
the horizontal axis represents the year of development. Different
colored lines correspond to different photovoltaic technologies,
including multijunction cells, single-junction gallium arsenide
(GaAs), crystalline silicon cells, thin-film technologies (such as
CdTe and CIGS), and emerging photovoltaic technologies like
perovskite and dye-sensitized solar cells.
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From the figure, it can be observed that multijunction cells
exhibit the highest efficiencies, reaching values above 45% under
concentrated sunlight conditions. Crystalline silicon cells, which
dominate the commercial PV market, show steady improvement
and currently achieve efficiencies close to 27-28% in laboratory
conditions. Thin-film technologies demonstrate moderate
efficiencies but offer advantages in terms of lower material
consumption and flexible applications. Emerging technologies
such as perovskite solar cells have shown rapid efficiency growth
in a relatively short time period, indicating strong potential for
future photovoltaic applications.

Overall, the figure demonstrates the continuous progress
in photovoltaic research driven by advancements in
semiconductor materials, device architectures, and fabrication
techniques. Figure 8 presents a detailed version of the National
Renewable Energy Laboratory (NREL) Best Research-Cell
Efficiency Chart, which provides verified record efficiencies
achieved by different photovoltaic technologies worldwide. In
contrast to the simplified representation in Figure 2, this chart
includes individual research institutions, laboratories, and
companies responsible for the record efficiencies.

Each marker on the graph corresponds to a verified
experimental result reported by organizations such as NREL,
Fraunhofer ISE, Stanford University, Sharp, Panasonic, and other
research institutions. The figure also categorizes photovoltaic
technologies into several groups, including:

* 1I1I-V multijunction solar cells
« Single-junction GaAs cells
» Crystalline silicon solar cells

e Thin-film technologies (CIGS, CdTe, amorphous
silicon)
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 Emerging photovoltaic technologies such as
perovskite, organic, and quantum-dot cells

» Hybrid tandem technologies (e.g., perovskite-silicon
tandems)

The chart demonstrates that 111-V multijunction solar cells
achieve the highest laboratory efficiencies, approaching 48%
under concentrated illumination. Meanwhile, perovskite-silicon
tandem cells have recently surpassed 30% efficiency,
representing a major breakthrough in next-generation
photovoltaic technology. The figure highlights the significant role
of international research collaborations and advanced materials
engineering in improving solar cell performance.

Figure 3, figure 4 and figure 5 focus specifically on the
efficiency progress of crystalline silicon solar cells, which
represent the most widely used photovoltaic technology in the
global solar market (NREL, n.d).

_Best Research-Cell Efficiencies T,

g
EE
g
2.
3.
3.

Figure 3. Detailed National Renewable Energy Laboratory
(NREL) Chart of Record Photovoltaic Cell Efficiencies (NREL,
n.d.)), Best Research-Cell Efficiency Chart | Photovoltaic
Research | NLR
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Figure 4. efficiency of crystalline solar cells (Shrivastav et al,
2021)

The highlighted section of the chart emphasizes the
development of different silicon-based cell structures over time.

The main categories shown include: Single-crystal silicon
cells;; Multicrystalline silicon cells (mSi); Silicon heterojunction
(HIT/HJT) cells; Thin-film crystalline silicon cells and
Concentrator silicon cells.

Over the past four decades, the efficiency of crystalline
silicon solar cells has steadily increased due to improvements in
cell architecture, surface passivation, light-trapping techniques,
and advanced manufacturing processes. Early silicon solar cells
in the 1970s exhibited efficiencies around 14-16%, whereas
modern laboratory silicon cells now exceed 27% efficiency.

The figure highlights the remarkable technological
progress achieved through innovations such as passivated emitter
and rear cell (PERC) technology, heterojunction structures, and
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advanced contact designs. These advancements have allowed
crystalline silicon technology to maintain its dominance in the
photovoltaic market due to its high reliability, mature
manufacturing processes, and continuously improving efficiency.

Lab Bench Record for Solar Cell Efficiency
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Figure 5 Solar cell efficiency (Viridian Solar, n.d.; NREL, n.d.)

Efficiency (%)

Source: NREL

3. CURRENT SOLAR TRACKING SYSTEMS

Solar photovoltaic (PV) systems can be installed in
various configurations depending on energy demand,
geographical location, and system efficiency requirements. One
important method for improving the energy output of PV systems
is the use of solar tracking systems. A solar tracking system is a
mechanism that continuously adjusts the orientation of
photovoltaic panels to follow the apparent movement of the sun
across the sky during the day. By maintaining the solar panels
closer to the normal incidence of solar radiation, tracking systems
increase the amount of solar irradiance captured by the PV
modules and consequently improve electricity generation.
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Solar tracking systems are generally classified into two main
categories: single-axis tracking systems and dual-axis tracking
systems (See in Figure 4).

Rotation
axis

PV
panel

Figure 4. Conceptual diagram of a single-axis solar tracking
system. (Tudorache etal., 2012)

A single axis tracking system rotates the solar panel
around a single rotational axis, typically following the sun’s path
from east to west. In some configurations, the axis may be aligned
north—south, allowing the panel to tilt east-west throughout the
day. This design enables the PV panel to track the daily
movement of the sun but does not fully compensate for seasonal
variations in solar elevation.

In contrast, a dual-axis tracking system allows movement
along two perpendicular axes, commonly referred to as the
azimuth axis (east-west) and the elevation axis (north-south).
This configuration enables the photovoltaic panel to follow the
sun's position more accurately throughout both the daily and
seasonal cycles. By continuously adjusting its orientation in two
directions, the panel can maintain a position that is nearly
perpendicular to incoming solar radiation, thereby maximizing
the received solar energy. The below Figure 5 and Figure 6
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,presents the solar tracking-axis angles, mechanical structure of

the dual axis solar tracking systems and dual axis tracker block
diagram respectivel

Solar _ ¥
Panel
Holder

*._ Mounting
* Pole

Figure 5. solar tracking angles and mechanical structure of the
dual-axis solar tracking system (Hammas et al., 2025)

Figure 6. below explains,a block diagram of a control
system, specifically designed for a two-axis (Azimuth and Tilt)
position control system, likely for something like a radar,
antenna, solar panel, or a robotic arm.

Swarm
Intelligence:
Algerithms

Kp,Ki, Kd

Reference PID
Generation Controller '| B Motor

y * 3
Azimuth Angle “_L )\\

Swarm
Intelligence
Algorithms

Kp, Ki, Kd

Reference PID DG Molor Gear I
Generation Controller Reducer Tilt Angle

Figure 6. Dual axis-sun tracker block diagram (Sabir et al., 2016)
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The diagram shows two identical control loops running in
parallel—one for the Azimuth Angle (horizontal rotation) and
one for the Tilt Angle (vertical rotation).

Here is a breakdown of the components and the flow of
the diagram:

1. The Controller Optimization Stage (Top Left:
"Reference Generation™)

Swarm Intelligence Algorithms: This box represents the
"brains” of the design phase. Instead of a human tuning the
controller, an algorithm (like Particle Swarm Optimization or Ant
Colony Optimization) is used.

K _p,K_i,K_d: These are the proportional, integral, and
derivative gains for a PID controller. The "Swarm Intelligence"
box is responsible for automatically calculating the optimal
values for these three parameters to achieve the best system
performance.

2. The Control Loop (Per Axis)

The diagram then splits into two identical paths: one for
the Azimuth axis and one for the Tilt axis. Each path functions
the same way:

Input (Reference Generation) system is given a desired
position (a target Azimuth or Tilt angle). Summation Node (The
Circle) compares the desired position (input) with the current
position (feedback). It calculates the error (the difference between
where it should be and where it is). PID Controller uses the
K _p,K_i,K_d values provided by the Swarm Algorithm, this
controller calculates the appropriate power or command needed
to fix the error. DC Motor is the actuator that physically moves
the axis. Gear Reducer is connected to the motor. It reduces the
high speed of the motor while increasing the torque (rotational
force) to move the heavy load smoothly and precisely. Load
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Disturbance arrow represents external forces trying to disrupt the
system'’s position. For example, wind pushing against a radar dish
or an antenna, or imbalance in the load. The system must resist
these disturbances. Output (Azimuth Angle / Tilt Angle) is the
final physical position of the system.

3. The Feedback Loop

The actual output angle (Azimuth or Tilt) is measured and
fed back to the summation node at the beginning. This closes the
loop, allowing the system to continuously monitor and correct its
position.

Several studies have demonstrated that solar tracking
systems can significantly enhance the performance of
photovoltaic installations. In particular, dual-axis tracking
systems are generally considered the most effective in terms of
energy gain because they maintain optimal alignment between the
PV module surface and the direction of solar radiation throughout
the day. Research indicates that dual-axis tracking systems can
increase energy output by approximately 25-45% compared to
fixed PV installations, depending on geographical location and
system design (Hammas et al., 2025). Consequently, dual-axis
trackers are widely investigated for applications where
maximizing energy production is a priority. However, despite
their higher energy vyield, dual-axis systems are typically more
complex and expensive than single-axis trackers due to additional
mechanical components, control systems, and maintenance
requirements. Therefore, the selection of an appropriate tracking
configuration often involves a trade-off between energy
efficiency, system complexity, installation cost, and maintenance
considerations.

Regional case studies further support these conclusions. A
six-month comparative study in northern Lebanon showed that
dual-axis tracking systems captured 38% more energy than fixed
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systems (Atallah et al., 2025).In addition, comparative analyses
of polycrystalline and monocrystalline panels under tracking
conditions revealed that polycrystalline panels performed more
efficiently  within  tracking systems (Akpinar et al,
2025),emphasizing the importance of appropriate module
selection alongside tracking design.

However, not all studies conclude that tracking is
universally superior. A 100 kWp rooftop system in Tururo city,
UK, analyzed using PVsyst and real-time meteorological data,
found that a fixed system at zero-degree azimuth achieved the
highest energy yield without requiring tracking and improved
simulation accuracy by 9% compared to similar studies (Hosseini
et al., 2025). This suggests that optimal configuration depends
strongly on local climatic and design conditions. Similarly,
research on a 2 MWp floating solar system simulated with PVsyst
demonstrated that while dual-axis tracking achieved the highest
efficiency and lowest losses compared to fixed, seasonal, and
single-axis systems, installation type and system configuration
significantly influenced overall performance outcomes (Avasthi
et al., 2025).

Although substantial research confirms the energy
advantages of tracking systems, variations in climatic conditions,
installation types, and module technologies indicate the necessity
of location-specific evaluation. Therefore, further investigation
integrating accurate meteorological data, optimized PV module
selection, and detailed simulation under tracking configurations
remains essential to determine the most efficient system design
for specific regional applications.The Net Present Value (NPV)
represents the difference between the present value of the
project's revenues and the present value of its costs over the
system lifetime. A positive NPV indicates that the project is
economically feasible.
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4. CONCLUSION

This chapter has provided a comprehensive overview of
advanced photovoltaic technologies. The analysis of PV types
demonstrated that while monocrystalline and polycrystalline
silicon continue to dominate the commercial market with
efficiencies of 20-23% and 17-20% respectively, significant
research efforts are directed toward next-generation technologies.
Among these, all-perovskite tandem solar cells have emerged as
a particularly promising approach, achieving certified power
conversion efficiencies exceeding 30% in two-terminal
configurations. The ability to precisely tune perovskite bandgaps
enables optimal spectral utilization through monolithic stacking
of wide-bandgap (=1.8 eV) and narrow-bandgap (=1.2 eV) sub
cells, connected by efficient tunnel recombination junctions. This
architecture substantially reduces thermalization losses, enabling
performance beyond the fundamental limits of single-junction
devices. The rapid efficiency progression documented in this
chapter, from initial demonstrations to current record cells
exceeding 30%, underscores the tremendous potential of this
technology for future commercial deployment.

Solar tracking systems were examined as a key strategy
for improving PV system performance. The comparative analysis
of single-axis and dual-axis tracking configurations highlighted
the trade-offs between energy yield and system complexity. Dual-
axis trackers, which maintain near-perpendicular alignment with
solar radiation throughout daily and seasonal cycles, can increase
energy output by approximately 25-45% compared to fixed
installations. However, their additional mechanical components
and control requirements necessitate careful economic evaluation
for specific applications.

Looking forward, the continued decline in solar PV
costs—=86% reduction in installed costs since 2010 according to
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IRENA data—combined with emerging technologies such as
floating PV, building-integrated photovoltaics, and perovskite-
based tandems, positions solar energy as a cornerstone of global
sustainable energy systems. The integration of intelligent control
systems, data-driven optimization techniques, and appropriate
policy frameworks will be essential for realizing this potential. As
global solar PV costs continue to decline and technologies
advance, the lessons from both high-efficiency laboratory
research and real-world deployment in challenging environments
provide valuable guidance for accelerating the transition toward
sustainable, affordable, and reliable solar energy worldwide.
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GRADYAN KIRILMA INDISLi LENS
ANTENLER: TEMEL iLKELER, YAPISAL
TURLER, PERFORMANS OLCUTLERI VE

MODERN HABERLESME UYGULAMALARI

Burak DOKMETAS!

1. GIRIS

Kablosuz haberlesme sistemlerinde artan veri iletim
hizlari, kullanic1 yogunlugu ve daha yiiksek frekans bantlarina
yonelim, anten tasariminda yeni gereksinimleri beraberinde
getirmistir (Arican ve ark.,2019; Dokmetas ve ark.,2019).
Gilinlimiizde antenlerden yalmizca diisiik maliyet ve enerji
verimliligi degil; ayn1 zamanda genis bantli ¢alisma, diisiik kay1p,
diisiik yan lob seviyesi ve 1smim Oriintiisiiniin etkin bi¢imde
kontrol edilebilmesi beklenmektedir. Ozellikle milimetre dalga
uygulamalarinda serbest uzay yol kayiplarinin artmasi, yiiksek
yonliiliige sahip anten ¢dziimlerini daha dnemli hale getirmistir
(Dokmetas ve ark.,2023; Dokmetas ve ark.,2024). Bu baglamda
lens antenler, yiliksek kazang¢ ve yonlendirilmis 1s1nim
saglayabilmeleri nedeniyle radar, uydu haberlesmesi ve yiiksek
veri hizli kablosuz baglantilar gibi alanlarda dikkat cekici bir
alternatif olusturmustur. Bazi uygulamalarda lens antenler, daha
karmasik ve maliyetli faz dizi antenlerin yerine de
kullanilabilmektedir.

Lens antenler genel olarak bir dielektrik lens govdesi ve
onu aydinlatan bir besleme anteninden olusur. Dielektrik lens
antenlerin 6nemli avantajlarindan biri genis bantli olmalaridir;

L Dr. Ogr. Uyesi, Kafkas Universitesi, Mihendislik Fakiiltesi, Elektrik-Elektronik
Miihendisligi Boliimii, ORCID: 0000-0001-5900-6691.
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¢ogu durumda caligma frekans araligi lens govdesinden ¢ok
besleme anteninin bant genisligi ile sinirlanir. Dielektrik lens
antenler temel olarak homojen ve homojen olmayan olmak lzere
iki ana smifta degerlendirilebilir. Homojen lenslerde 1sinim
orlntisindn  kontroli  buyik 6Olcide lens geometrisi ile
saglanirken, homojen olmayan yapilarda dalga cephesinin
doniistimii lens profili boyunca degisen kirilma indisi dagilimu ile
gerceklestirilir. Bu ikinci grup, gradyan kirilma indisli ya da
kisaca GRIN lens antenler olarak adlandirilmaktadir.

GRIN lens antenlerde 1s1nim o6zellikleri yalnizca lensin
sekline ve boyutlarina degil, ayni zamanda kirilma indisinin
uzaysal dagilimina da baglidir. Bu durum tasarimciya ek bir
elektromanyetik serbestlik sunarak yiiksek yonliiliik, diisiik yan
lob seviyesi ve genis agili tarama gibi avantajlarin ayni yapida bir
araya getirilmesine olanak tanir. Bu nedenle GRIN lensler, ¢cok
1sinlt calisma ve pasif 151n yonlendirme gerektiren sistemlerde
onemli bir ¢ozlim haline gelmistir. Bununla birlikte, istenen indis
dagiliminin pratikte elde edilmesi uzun siire bu yapilarin yaygin
kullanimini sinirlayan temel zorluklardan biri olmustur.

GRIN lenslerin gergeklestirilmesinde gecmiste ¢ok
katmanli dielektrik yapilar, delikli kati1 dielektrikler ve metal
tabanli periyodik yapilar kullanilmistir. Ancak bu yontemler ¢ogu
zaman yiiksek iiretim hassasiyeti, karmasik montaj siiregleri ve
uzun imalat siireleri gerektirmistir. Son yillarda eklemeli imalat
teknolojilerinin gelismesi, karmagik gradyan indis dagilimlarinin
daha kisa slirede ve daha diisiik maliyetle {iretilebilmesini
miimkiin kilmistir. Ozellikle FDM, SLA, jet modeling ve segici
lazer sinterleme gibi yontemler, mikrodalga bantlardan sub-THz
ve THz bolgesine kadar uzanan genis bir frekans araliginda GRIN
lens anten tasarimlarinin uygulanabilirligini artirmistir. Boylece
yalmizca klasik lens geometrileri degil, ayni zamanda
diizlestirilmis, doniistiiriilmiis ve uygulamaya 6zel optimize
edilmis lens yapilar1 da daha erisilebilir hale gelmistir.

90



Elektrik-Elektronik ve Haberlesme Miihendisligi Alaninda Bilimsel Arastirmalar

GRIN lens ailesi iginde Luneburg, Fresnel, Mikaelian ve
Eaton gibi farkli lens tipleri 6ne ¢ikmaktadir. Bunlar arasinda
Ozellikle Luneburg lensler, yiiksek yonliiliik, genis acili tarama ve
coklu besleme ile ¢ok 1s1n iiretimi gibi 6zellikleri nedeniyle
literatiirde genis yer bulmaktadir. Bununla birlikte, Luneburg
yapilarinin  daha genis GRIN lens yaklagimi iginde
degerlendirilmesi, konunun hem teorik hem de uygulamali
yonlerinin daha biitlinciil bicimde ele alinmasin1 saglamaktadir.
Bu boéliimde gradyan kirilma indisli lens anten yapilari; temel
prensipleri, baglica tasarim yaklagimlari ve modern uygulama
alanlar1 ¢er¢evesinde derleme niteliginde incelenecektir.

2. GRIN LENS ANTENLERIN TEMELLERI
2.1. Lens Anten Kavrami ve GRIN Yaklasimi

Gradient index (GRIN) lens yapilari, elektromanyetik
dalgalarin fazin1 ve yayilim yoniinii kontrol ederek anten
sistemlerinde kazang artisi, 151n daraltma ve alan dagiliminin
iyilestirilmesi gibi onemli avantajlar sunmaktadir. Son yillarda bu
lenslerin 3B baski teknikleriyle tiretilmesi, hem maliyet hem de
tiretim esnekligi agisindan dikkat ¢ekici bir arastirma alani haline
gelmistir. Literatiirde, GRIN lenslerin temel caligma prensibinin,
farkli radyal bolgelerde farkli etkin dielektrik sabitleri olusturarak
gelen kiiresel dalga cephesini diizlemsel hale doniistiirmek
oldugu vurgulanmaktadir. Bu amagla, baski sirasinda tek bir
dielektrik malzemenin doluluk orani degistirilerek farkli etkin
kirilma indisleri elde edilebilmektedir. Boylece klasik ¢ok parcali
ya da karmasik iretim gerektiren lens yapilarina kiyasla daha
pratik ve diisik maliyetli c¢oziimler gelistirilebilmektedir
(Paraskevopoulos ve ark.,2022; Hoel ve ark.,2018). Ozellikle
diizlemsel ve radyal GRIN lens tasarimlarinda faz esitleme ve
geometrik optik temelli yaklasimlar 6ne ¢ikmaktadir. C-bantta
dairesel kutuplu anten dizileriyle kullanilan 3B baski uyumlu
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GRIN lenslerde, farkli doluluk oranlariyla radyal permitivite
gecisi saglanarak yaklasik 4 dB kazang artisi rapor edilmistir
(Paraskevopoulos ve ark.,2022). Benzer sekilde Ku-bantta
gelistirilen radyal GRIN lens tasarimlarinda, 3B baski ile iiretilen
cok katmanli yapmin yiiksek aciklik verimi ve yliksek yonliiliik
sagladigi deneysel olarak gosterilmistir (Hoel ve ark.,2018).
Ayrica GRIN lenslerin sadece kazang artirmak icin degil, horn
antenlerde yan lob seviyelerini diisiirmek ve alan dagiliminm
tyilestirmek icin de etkin bi¢imde kullanilabildigi gosterilmistir
(Urs ve ark.,2024). Bu yonleriyle 3B baski tabanlit GRIN lensler,
modern anten ve mikrodalga sistemleri i¢in hafif, diisiik maliyetli
ve yiiksek performansli bir ¢oziim olarak degerlendirilmektedir.
GRIN yaklagimimi tanimlamak i¢in en basit iligki esitlik (1)’de
verilmistir. Burada n kirilma indisini, &, bagil dielektrik sabitini
ve u, bagil manyetik gecirgenligi ifade etmektedir.

n=verur = e D)
Burada manyetik olmayan dielektrik yapilar i¢in \/u,- = 1, kabul
edilir. Bu formiil, kirilma indisinin etkin dielektrik sabitle
iligkisini verir.
2.2. Homojen ve Nonhomojen Lens Antenler

Lens antenler, elektromanyetik dalgalarin faz cephesini
kontrol ederek yiiksek yonliiliik, dar 1s1n genisligi ve gelismis
kazang elde etmeyi amaglayan 6nemli anten yapilar1 arasinda yer
almaktadir. Bu yapilar genel olarak homojen ve nonhomojen lens
antenler olmak iizere iki ana sinifta incelenmektedir. Homojen
lens antenlerde tum lens hacmi boyunca dielektrik sabiti sabit
kalirken, nonhomojen lens antenlerde kirilma indisi ya da esdeger
dielektrik sabiti uzaysal olarak degismektedir. Bu temel fark, hem
elektromanyetik performans hem de iiretim yaklasimi agisindan
Onemli tasarim  ayrimlarim1  beraberinde  getirmektedir
(Chakrabarti ve ark.,2024; Lafond ve ark.2018).
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Homojen lens antenler, gbrece daha basit geometrik
tasarimlar1 ve iiretim kolayliklar1 nedeniyle ozellikle yiiksek
frekansli  haberlesme sistemlerinde yaygin olarak tercih
edilmektedir. Ornegin D-bantta gelistirilen eliptik profilli
homojen lens anten yapisinda, tek bir dielektrik malzeme
kullanilarak 142 GHz’de yaklasik 32 dBi kazang ve 3.2° x 3.2°
yart glic 151mn genisligi elde edildigi rapor edilmistir. Ayni
calismada bu antenlerin iki ugta kullanilmasiyla goriis hatti
haberlesme baglantisinda 55 Gbps veri iletimi deneysel olarak
gosterilmistir. Bu sonuglar, homojen lens antenlerin 6zellikle
milimetre dalga ve 6G aday bantlarinda yiiksek kazangl, dar
151inl1 ve uygulanabilir ¢oziimler sundugunu ortaya koymaktadir.
Ayrica homojen vyapilarda yiizey profili uygun sekilde
secildiginde kiiresel dalga cephesinin diizlemsel dalga cephesine
dontistiiriilmesi etkin bigimde saglanabilmektedir (Chakrabarti
ve ark.,2024).

Buna karsilik nonhomojen lens antenler, lens icerisinde
merkezden kenara dogru degisen dielektrik sabiti dagilimi
sayesinde daha hassas faz diizeltmesi yapabilmektedir. Ozellikle
Luneburg tipi lenslerde bu degisim, ¢ok 151l calisma ve genis
acili tarama kabiliyeti saglamaktadir. Ancak siirekli degisen
permitivite dagiliminin fiziksel olarak {iretilmesi zordur. Bu
nedenle literatlirde, tek bir taban malzeme kullanilarak hava
bosluklari, delikler, oluklar veya yogunluk kontrollii yapilar
yardimiyla etkin dielektrik sabiti ayarlanmis alternatif ¢oziimler
onerilmektedir. Silindirik Luneburg lensler {iizerine yapilan
karsilastirmali caligmada, sabit dielektrik katsayili bir malzemeye
geometrik streksizlikler eklenerek klasik katmanli nonhomojen
yapiya oldukc¢a yakin elektromanyetik davranis elde edilebildigi
gosterilmistir (Korotkov ve ark.,2018).

Benzer sekilde, preslenmis kopiik tabanli {iretim
yaklagiminda tek bir kdpiik malzemenin yogunlugu degistirilerek
dielektrik sabitinin yaklasik 1 ile 3 arasinda ayarlanabildigi ve bu
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yontemle Luneburg ile Fresnel tipi nonhomojen lens antenlerin
milimetre dalga bolgesinde basariyla gergeklestirilebildigi
bildirilmistir. Bu yontemin diisiik maliyetli, pratik ve milimetre
dalga frekanslarina uygun olmasi 6nemli bir avantajdir. Sonug
olarak homojen lens antenler yapisal sadelik ve kolay uretim
avantaj1 sunarken, nonhomojen lens antenler daha gelismis 151n
sekillendirme, daha iyi faz kompanzasyonu ve ¢ok 1sinli ¢alisma
gibi istiin elektromanyetik Ozellikleriyle one ¢ikmaktadir
(Lafond ve ark.2018).

2.3. GRIN Lenslerde Temel Calisma Prensibi

Gradient index (GRIN) lensler, elektromanyetik ya da
optik dalgalarin yayilimini, uzaysal olarak degisen kirilma indisi
dagilimi yardimiyla kontrol eden yapilardir. Klasik homojen
lenslerden farkli olarak bu yapilarda dielektrik sabiti ya da kirilma
indisi lens boyunca sabit degildir; bunun yerine belirli bir radyal
veya eksensel profile gore degistirilir. Bu sayede lens igerisine
giren farkli 1ismlarin optik yol uzunluklar1 dengelenir ve ¢ikis
yilizeyinde istenen faz dagilimi elde edilir. En temel amag, bir
noktasal ya da aciklik beslemesinden yayilan kiiresel dalga
cephesini diizlemsel dalga cephesine doniistiirerek daha yiiksek
yonliilik ve kazang saglamaktir (Whiting ve ark.,2020;Songlin
ve ark.,2018).

GRIN lenslerin ¢calisma mantig1 biiyiik dl¢iide faz esitleme
ve 1sm-yolu dengeleme prensibine dayanir. Lensin merkezinden
ve kenar bolgelerinden gegen 1sinlar farkli geometrik mesafeler
katettigi igin, her bdlgedeki etkin kirilma indisi uygun sekilde
ayarlanarak tiim iginlarin ¢ikis diizlemine yaklasik ayni fazda
ulagmasi saglanir. Boylece faz hatasi azaltilir, enerji belirli bir
dogrultuda toplanir ve dar huzmeli bir 1s1ma elde edilir. Bu tiir
yapilar doniisiim optigi, geometrik optik ve dalga cephesi esleme
yaklasimlartyla tasarlanabilmektedir. Ozellikle déniisiim optigi,
istenen elektromanyetik davranisin malzeme parametrelerine
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gomiilmesini saglayarak GRIN lens tasarimina giiclii bir teorik
temel sunmaktadir (Whiting ve ark.,2020).

Bunun yaninda modern GRIN lens tasarimlarinda topoloji
optimizasyonu gibi ters tasarim yontemleri de kullanilmaktadir.
Bu yaklagimda lens icerisindeki permitivite dagilimi, hedeflenen
yonliiliik veya alan doniisiimii i¢cin optimize edilmekte ve klasik
yontemlere gore daha yiiksek performansli ¢oziimler elde
edilebilmektedir (Songlin ve ark.,2018). Ote yandan, GRIN
yapmin tasarlanmasi kadar iretilen lensin kalite kontrolii de
onemlidir. GRIN lens wug¢ yiizeyindeki kusurlarin, yapi
biitiinligliniin ve ozellik dagiliminin goriintii isleme temelli
yontemlerle incelenmesi, hedeflenen indeks profilinin pratikte
dogru  bicimde  gergeklestirilip  gerceklestirilmediginin
dogrulanmasina katki sunmaktadir. Bu durum, GRIN lenslerin
temel ¢caligma prensibinin yalnizca teorik indeks dagilimina degil,
ayni zamanda bu dagilimin liretimde hassas bigimde korunmasina
da bagli oldugunu gostermektedir (Campbell ve ark.,2019).

2.4. Bashica Performans Olgiitleri

Gradient Lens antenlerin ve o6zellikle GRIN tabanli
yapilarin degerlendirilmesinde bazi temel performans olgiitleri
one ¢ikmaktadir. Bunlarin basinda kazan¢ (gain) gelmektedir.
Kazang, antenin belirli bir yonde enerjiyi ne kadar etkin
yogunlastirabildigini gdsterir ve lens kullaniminin en 6nemli
amaglarindan biri bu degeri artirmaktir. Bir diger 6nemli dlgiit
yonluliik (directivity) olup, 1simanin belirli bir dogrultuda ne
kadar dar bir huzme seklinde toplandigini ifade eder. Bununla
baglantili olarak yar1 giic huzme genisligi (HPBW) de
degerlendirilir; daha kiiciik huzme genisligi genellikle daha
ylksek yonliiliige isaret eder.

Performans incelemelerinde ayrica yan lob seviyesi (side
lobe level) 6nemli bir kriterdir. Diisiik yan lob seviyesi, enerjinin
istenmeyen yonlere daha az yayilmasi anlamina gelir. Empedans
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uyumu da temel Olgiitlerden biridir ve genellikle yansima
katsayis1 veya S11 parametresi ile degerlendirilir. Tyi bir empedans
uyumu, beslemeden antene daha fazla giiciin aktarilmasini saglar.
Bunlara ek olarak verim (efficiency), ¢alisma bant genisligi, faz
hatasi, a¢iklik verimi ve bazi uygulamalarda 1sin tarama kabiliyeti
de lens antenlerin basarisim1 belirleyen Onemli parametreler
arasinda yer almaktadir.

G = uD (2
GA?
.uap = 4-71'_A (3)

Burada “G” anten kazancini, “p” anten verimini, “D”
yonliiliigii, “ue,” acikhik verimini, “A” dalga boyunu, “A” ise
lensin fiziksel agiklik alanini ifade etmektedir. Esitlik (2), anten
kazancimin yonliiliik ve verim ile olan iliskisini gosterirken,
Esitlik (3) agiklik veriminin kazang, dalga boyu ve fiziksel agiklik
alanina bagli olarak nasil tanimlandigini ortaya koymaktadir.

2.5. GRIN Lenslerin Modern Haberlesmedeki Onemi

GRIN lensler, modern haberlesme sistemlerinde yiiksek
kazang, diisiik profil, genis bant genisligi ve gelismis 151n kontrolii
gibi avantajlart nedeniyle giderek daha fazla Onem
kazanmaktadir. Ozellikle 5G, 6G, milimetre dalga ve terahertz
tabanli sistemlerde, elektromanyetik enerjinin  belirli  bir
dogrultuda etkin bi¢cimde yogunlastirilmast  kritik  bir
gereksinimdir. Bu noktada GRIN lens yapilari, klasik reflektor ve
dizi anten ¢ozimlerine alternatif olarak daha kompakt, hafif ve
yiiksek aciklik verimine sahip bir yaklasim sunmaktadir. Dual-
polarized GRIN metasurface lens anten ¢alismasinda, 10 GHz’de
yaklagik 15 dB kazang, %60 bant genisligi ve 30 dB port
izolasyonu elde edilmesi, bu yapilarin ¢ok kutuplamali ve genis
bantli haberlesme uygulamalar1 ag¢isindan giiglii bir aday
oldugunu gostermektedir (Zega ve ark.,2022).
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GRIN lenslerin 6nemi yalnizca RF ve mikrodalga
haberlesme ile sinirli degildir. Dalga odaklama ve enerji
yogunlastirma kabiliyeti sayesinde bu yapilar, MEMS tabanli
enerji hasadi ve entegre dalga yonlendirme uygulamalarinda da
dikkat c¢ekmektedir. Planar GRIN lensler {izerine yapilan
calismada odak noktasinda 7.49 kat biiyiitme elde edilmesi,
uzaysal dalga kontroliiniin ne kadar etkin gerceklestirilebildigini
gostermektedir. Bu tur dalga manipilasyonu yetenekleri,
gelecekte haberlesme ve algilama sistemlerinin daha Kkuguk,

verimli ve ¢ok islevli hile gelmesine katki saglayabilir (Lin ve
ark., 2020).

Ayrica GRIN lenslerin asimetrik veya yon bagimli indis
profilleriyle 151 sekillendirme yapabilmesi, serbest uzay optik
haberlesme gibi 6zel uygulamalarda da avantaj saglamaktadir.
Tek bir GRIN elemaniyla demet bicimlendirme ve kolimasyon
yapilabilmesi, sistem karmagsikligin1 azaltarak daha biitiinlesik
coziimler gelistirilmesine olanak tanimaktadir. Bu nedenle GRIN
lensler, modern haberlesmenin yiiksek performans, biitiinlesme
ve fonksiyonel esneklik gereksinimlerine cevap veren 6nemli
yapilardan biri haline gelmistir (Sekh ve ark.,2012).

3. GRIN LENS YAPILARI VE UYGULAMALARI
3.1. Luneburg Lens Yapilari

Luneburg lens, merkezden dis yiizeye dogru degisen
kirilma indisi profiline sahip klasik bir GRIN lens yapisidir.
Temel calisma prensibi, bir noktadan yayilan kiiresel dalga
cephesini diizlemsel dalga cephesine doniistiirmek veya tersine,
diizlemsel dalgay1 belirli bir odak noktasinda toplamak {izerine
kuruludur. Bu 0zellikleri sayesinde Luneburg lensler, yuksek
kazang, genis acili 151n tarama ve c¢ok 1sinli ¢alisma gerektiren
haberlesme ve radar sistemlerinde onemli bir yer tutmaktadir.
Ideal Luneburg lens yapisinda permitivite dagilim kiiresel olarak
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stirekli degisir; ancak bu profilin fiziksel olarak gerceklestirilmesi
zor oldugundan, pratikte katmanli, ayrik hiicreli ya da 3B baski
tabanli esdeger yapilar kullanilmaktadir .

Son yillarda gelistirilen Luneburg lens yapilari, yalnizca
klasik kiiresel formda degil, ince, diizlemsel veya doniistiiriilmiis
geometrilerde de tasarlanmaktadir. Bu sayede daha diisiik profil,
daha kolay entegrasyon ve genis bantli ¢aligma gibi avantajlar
elde edilmektedir. Ayrica 3B baski teknolojileriyle iiretilen
modern Luneburg lensler, ¢cok 1smnli ve dairesel kutuplu anten

uygulamalarinda da basarili sonuglar vermektedir (Lei ve
ark.,2022).

&) =2- (%) @

m=J2- () ©)

Burada ¢,, lens igerisinde yaricapa bagli olarak degisen
bagil dielektrik sabitini, 17,- ise buna karsilik gelen kirilma indisi
dagilimini ifade etmektedir. Burada “r”, lens merkezinden olan
radyal uzakligi, “R” ise lensin dis yarigapin1 gostermektedir. Bu
esitlikler, Luneburg lens yapisinda merkezden dis yiizeye dogru
azalan indis profilinin dalga cephesini odaklama ve yonlendirme
islevini nasil sagladigini ortaya koymaktadir.

3.2. Fresnel Lens Yapilari

Fresnel yapilar, klasik kalin lenslerin odaklama islevini
daha ince, hafif ve diigiik hacimli bir geometriyle gerceklestirmek
amaciyla gelistirilmistir. Temel prensip, stirekli lens profilinin
esfazli bolgeler halinde boliinmesi ve bdylece dalganin istenen
odak noktasina yonlendirilmesidir. Bu yaklagim, klasik kirici
lenslere gore daha az malzeme kullanimi ve daha kolay tiretim
avantaji  saglamaktadir. Fresnel lenslerin analitik olarak
modellenebilmesi ve siirekli profilin ayrik seviyelere
doniistiiriilebilmesi, tasarim ve liretim siireclerini
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kolaylagtirmaktadir. Ayrica ¢ok seviyeli ya da zonlu yapilarin
mikroiiretim tekniklerine uygun olmasi, bu yapilarin pratikte
yayginlagmasini desteklemektedir.

Fresnel yapilar yalmizca optik sistemlerde degil,
mikrodalga ve anten uygulamalarinda da oOnemli bir yer
edinmistir. Ozellikle 3B baski ile iiretilen dielektrik Fresnel
lenslerde, farkli bolgelerde farkli etkin dielektrik sabitleri
olusturularak faz kompanzasyonu saglanmakta ve yliksek
yonliilik elde edilmektedir. 10 GHz igin gelistirilen 3B baskilt
dielektrik Fresnel lens tasariminda 18 dBi yonliiliik elde edilmesi,
bu yapilarin anten uygulamalart agisindan giiclii bir segenek
oldugunu goéstermektedir. Bunun yaninda Fresnel lens dizileri,
integral goruntileme gibi alanlarda da mikrolens dizilerine
alternatif olarak 6nerilmekte; ancak kromatik sapma gibi etkiler
bu yapilarda 6nemli bir tasarim parametresi olmaya devam
etmektedir (Huang ve ark.,2015).

R, = /sz + %"2 (6)

Burada Ry, Fresnel lensin “k” bolgesine ait yarigapi,
“f’odak uzaklhigim, “A” ¢alisma dalga boyunu ve “k” ise zon
numarasini ifade etmektedir. Bu esitlik, Fresnel lens yapisinda
her bir bélgenin sinir yarigapini belirlemek i¢in kullanilmakta ve
dalgalarin odak noktasinda uygun faz iliskisiyle toplanmasini
saglamaktadir.

3.3. Mikaelian, Gutman ve Eaton Lens Yapilar:

Mikaelian, Gutman ve Eaton lensler, klasik Luneburg lens
disinda yer alan Onemli GRIN lens tiirleri arasinda
bulunmaktadir. Mikaelian lens, dikdortgensel ya da silindirik
geometriye uygun yapisiyla one cikar ve ozellikle diizlemsel
dalga cephesini odaklama yetenegi sayesinde daha kompakt ve
diisiik profilli sistemlerin tasarimina imkan verir. Metaylizey
tabanli Mikaelian lenslerde, uzaysal olarak degisen indis dagilimi
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kullanilarak odaklama basarimi saglanirken, klasik dairesel
lenslere gore daha ince ve dar yapi avantaji elde edilmektedir
(Syue ve ark.,2016).

Gutman lens, Luneburg lensin daha genel bir formu olarak
degerlendirilebilir. Bu yapida odak yiizeyi lensin i¢ine dogru
kaydirilabilir ve o6zellikle kesilmis (truncated) Gutman lens
tasarimlar1 sayesinde besleyici antenlerin diizlemsel bir yiizeye
yerlestirilmesi miimkiin hale gelir. Bu 06zellik, ¢ok 15l
sistemlerde pratik entegrasyon avantaji sunmaktadir (Grigoriev
ve ark.2022).

Eaton lens ise gelen dalgay1 belirli bir aciyla saptirma
ozelligiyle bilinir. Ozellikle 90° 151n biikkme yetenegi, bu lensi 151
yonlendirme ve beam deflection uygulamalar1 agisindan degerli
kilmaktadir. 3B baski teknikleriyle gerceklestirilen Eaton lens
yapilari, GRIN profillerinin pratik olarak {iretilebildigini ve
deneysel olarak dogrulanabildigini gostermektedir (Du ve
ark.,2016).

3.4. Gercekleme Yontemleri ve Uretim Yaklasimlar

GRIN ve dielektrik lens yapilarin gerceklestirilmesinde
son yillarda en dikkat ¢ekici yontemlerden biri 3B baski
teknolojileridir. Ozellikle FDM, polymer jetting ve benzeri
eklemeli iiretim teknikleri sayesinde, uzaysal olarak degisen
dielektrik sabiti profilleri pratik bicimde Uretilebilmektedir. Bu
amagla genellikle tek bir taban malzeme kullanilarak doluluk
orani, hava boslugu miktar1 veya birim hiicre geometrisi
degistirilmekte ve boylece farkli etkin permitivite degerleri elde
edilmektedir. Bu yaklagim, klasik isleme yontemlerine gore hem
maliyeti azaltmakta hem de karmasik i¢ yapilarin tek adimda
uretilmesine imkan vermektedir.

Bunun yaninda lens iiretiminde yalnizca elektromanyetik
uygulamalar degil, optik ve ultrasonik sistemler i¢in gelistirilen
mikroigleme, kontrollii kazima ve 6zel kaliplama teknikleri de
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onem tagimaktadir. Uygulamaya bagli olarak yiizey profili
olusturma, zonlu yap1 {iretimi, birim hiicre tabanli yapilandirma
ve dogrudan hacimsel iiretim gibi farkli yontemler tercih
edilmektedir. Sonu¢ olarak modern iiretim yaklasimlari, lens
yapilarin daha hafif, diisiik maliyetli, hizli prototiplenebilir ve
uygulamaya o6zel bicimde gerceklestirilmesini  miimkiin
kilmaktadir. Tablo 1’ de bu kitap béluminde gecen GRIN lens
tiirlerinin genel bir karsilagtirmali 6zeti verilmistir.

Tablo 1. Bashca GRIN lens yapilarinin genel performans ve
yapisal ozellik karsilastirmasi

Lens indis ! Isin Uretim .
Tiirii Yapist Geometri Tarama Zorlugu | Y2Pisal Avantaj
Stirekli Genis ag1li tarama ve
Luneburg gradyan Genellikle kiiresel | Cok uygun O..na' ¢oklu besleme ile
Lens T yiuksek
indisli ¢alisma
: . - Diisiik profil, hafiflik
Fresnel Bolgesel Ince ve diizlemsel Smirli-orta Disiik ve az malzeme
Lens yapt orta
kullanimi1
Mikaelian _Grqdyan Dikdortgensel Sumth Orta Kompakt ve dar yapih
Lens indisli sistemlere uygunluk
Gutman Gradyan Kesilmis veya i¢ Orta- Duzlemsg I besleme
S Uygun - yerlesimine daha
Lens indisli odakl yap1 yuksek i
elverisli olmasi
. Yoén
Eaton Gradyan Genellikle . Isin biikme ve yon
Lens indisii dairesel sapurma Yiksek degistirme kabiliyeti

4. SONUCLAR

Bu bolimde GRIN lens yapilari, temel c¢alisma
prensipleri, baglica lens tiirleri ve modern haberlesme
uygulamalarindaki rolleri genel bir gercevede ele alinmistir.
Homojen ve inhomojen lens yapilar arasindaki farklar
incelenmis, Ozellikle GRIN lenslerin uzaysal olarak degisen
kirilma indisi profilleri sayesinde elektromanyetik dalgalarin
fazin1 ve yayillim yoniinii etkin bigimde kontrol edebildigi
vurgulanmistir. Luneburg, Fresnel, Mikaelian, Gutman ve Eaton
gibi farkli lens tiirleri; odaklama, 1s1n yonlendirme, ¢ok 1sinli
calisma ve diisiik profilli tasarim acisindan sunduklar1 avantajlar
bakimindan degerlendirilmistir.
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Ayrica, bu yapilarin gergeklestirilmesinde kullanilan
tiretim yaklagimlarinin da son yillarda 6nemli dl¢lide gelistigi
goriilmektedir. Ozellikle 3B bask1 teknolojileri, GRIN lenslerin
daha diisiik maliyetle, daha hafif ve uygulamaya 6zel bi¢imde
uretilebilmesini miimkiin kilmistir. Bu durum, lens antenlerin
yalnizca teorik arastirma konusu olmaktan c¢ikip pratik
mithendislik  uygulamalarinda  daha  yaygin  bigimde
kullanilmasina zemin hazirlamistir.

Sonug olarak GRIN lensler, yiiksek kazang, gelismis 151n
kontrolii, genis bant potansiyeli ve kompakt yap1 avantajlartyla
modern haberlesme sistemleri i¢in gii¢lii bir ¢6ziim sunmaktadir.
Gelecekte 5G/6G, milimetre dalga, radar ve uydu haberlesme
sistemlerinde bu yapilarin daha fazla ©nem kazanacagi
ongorulmektedir.
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ARTIFICIAL INTELLIGENCE FOR RESILIENT
MICROGRIDS AND SMART GRIDS: FROM
PREDICTION TO AUTONOMOUS ENERGY

MANAGEMENT!

Seyfullah DEDEOGLU?

1. INTRODUCTION

The power sector is being reshaped by three developments
that are unfolding at the same time: the rapid growth of renewable
generation, the proliferation of distributed energy resources, and
the digitalization of grid operation. These shifts have turned the
electricity network into a data-intensive cyber-physical system in
which sensing, communication, forecasting, optimization, and
control can no longer be treated as loosely connected functions.
The smart-grid vision described by Amin and Wollenberg (2005)
and later synthesized in the survey by Fang et al. (2012)
anticipated exactly this transformation: a power system that is
observable, adaptive, and able to coordinate millions of
heterogeneous devices without sacrificing reliability.

Microgrids are central to this transition because they
organize distributed assets into controllable local energy cells. A
microgrid typically combines renewable generation, dispatchable
units, energy storage, flexible loads, and power electronic
interfaces that can operate either in coordination with the main

L This chapter was prepared as an original contribution for this edited volume and
was not adapted from a previously published thesis or conference paper.

2 Assistant Prof., Hitit University, Faculty of Engineering and Natural Sciences,
Department of Electrical-Electronics Engineering, ORCID: 0000-0001-7969-
011X.

107



Elektrik-Elektronik ve Haberlesme Miihendisligi Alaninda Bilimsel Arastirmalar

network or in islanded mode when resilience is required.
Lasseter’s seminal formulation of the microgrid concept and the
influential overview of Hatziargyriou et al. (2007) made it clear
that the value of microgrids lies not only in local generation, but
in coordinated intelligence. Once a microgrid contains
photovoltaic systems, batteries, electric vehicles, demand
response resources, and converter-dominated dynamics,
conventional rule-based supervision becomes increasingly
fragile.

Artificial intelligence has therefore moved from a
peripheral analytical tool to an operational enabler for both smart
grids and microgrids. In practice, Al is not a single technique but
a family of methods used to extract structure from large volumes
of data, support forecasting under uncertainty, detect abnormal
behavior, learn control policies, and assist operators in complex
decision environments. Recent reviews confirm that Al is now
being applied across forecasting, protection, energy management,
fault diagnosis, restoration, and cybersecurity tasks in
distribution-level and local-area grids (Ali & Choi, 2020;
Ibrahim, Dong, & Yang, 2020; Mohammadi et al., 2022; Joshi et
al., 2023).

This chapter examines how Al is being used in smart-grid
and microgrid technologies from an engineering perspective. The
discussion focuses on the applications that matter most in
practice: forecasting, state awareness, anomaly detection, demand
flexibility, energy management, resilient operation, and
converter-dominated control. Rather than treating Al as a
fashionable add-on, the chapter positions it as a decision-support
and autonomy layer that must coexist with power-system physics,
regulatory obligations, and operator oversight. The chapter also
highlights why the next wave of progress is likely to come from
hybrid approaches that integrate machine learning with
optimization, digital twins, and physics-informed modeling.
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2. THE STRATEGIC ROLE OF Al IN MODERN
GRID ARCHITECTURES

2.1. Smart Grids as Data-Rich Cyber-Physical Energy
Systems

Smart grids and microgrids are often discussed together,
but they differ in scope and operational granularity. The smart
grid refers to the modernization of the wider electricity system
through advanced metering, two-way communication, distributed
monitoring, flexible demand, automation, and data-enabled
coordination. Microgrids, by contrast, are localized subsystems
capable of self-management within a defined electrical boundary.
The distinction matters because Al is not deployed at a single
layer. Some applications, such as feeder-level load forecasting or
asset health monitoring, belong naturally to the smart-grid
domain. Others, such as battery dispatch, converter coordination,
or islanding support, are more naturally framed at the microgrid
level.

Al becomes strategically important when it reduces this
dimensionality without hiding the operational meaning of the
result. In a smart grid, for example, probabilistic load forecasting
can transform raw meter, weather, and calendar data into
uncertainty-aware demand envelopes that are directly usable in
scheduling and congestion management. In a microgrid, the same
logic applies to net-load prediction, photovoltaic output
estimation, battery state-of-charge trajectory modeling, and real-
time flexibility assessment. These are not abstract analytics tasks;
they determine whether the system buys energy at the right time,
preserves reserve margins, avoids unnecessary cycling, and rides
through disturbances with acceptable service continuity.

A second strategic role of Al lies in converting dense
measurement streams into situational awareness. Future grids will
rely increasingly on synchronized phasor data, smart inverter
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telemetry, power quality measurements, weather nowcasts, and
event logs from protection and automation devices. Huang et al.
(2012) emphasized that state estimation in the future grid would
face new challenges linked to scale, heterogeneity, and
incomplete observability. Al does not replace estimation theory,
but it strengthens it by learning latent patterns, correcting biases,
flagging inconsistent data, and prioritizing human attention
toward events that matter.

SENSORS AND DATA SOURCES
Inverter « Battery « EV » Weather « Market

{

ANALYTICS LAYER
Quality control * State awareness *
Forecasting * Anomaly detection

|

COORDINATION LAYER
EMS » Demand response * Flexibility
Aggregation * Restoration

i

CONTROL AND ACTUATION
Set-points « Storage dispatch * Switching
Operator advisories
I

Smartgrid Microgrid
Feeder « Substation * Utility Campus * Building * Community

Feedback

Figure 1. Layered architecture of Al-enabled coordination in
smart grids and microgrids.

2.2. Microgrids as Controllable Local Energy Cells

A third role concerns control across multiple time scales.
In converter-dominated systems, the operational objectives of a
microgrid range from millisecond stability support to minute-
level balancing and day-ahead economic scheduling. The
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influential work of Guerrero et al. (2011) on hierarchical control
and the later review by Olivares et al. (2014) showed that
microgrid operation is inherently layered. Al fits naturally into
this layered structure. It is strongest at the supervisory, predictive,
and coordination layers, where uncertainty, nonlinear
interactions, and combinatorial decisions dominate, while
classical control remains indispensable in the innermost loops
where timing guarantees and stability margins are paramount.

For this reason, the most productive way to think about Al
in energy is not as an alternative to power engineering, but as an
intelligence layer embedded within a broader architecture of
sensing, estimation, optimization, and actuation. Figure 1
illustrates this architecture and highlights how Al links
operational data to decisions at system, feeder, and microgrid
levels.

3. Al METHODS THAT MATTER FOR GRID
OPERATION

3.1. Supervised and Deep Learning for Prediction

The breadth of Al techniques used in power and energy
systems can be reduced to a few operationally meaningful
categories. The first category is supervised learning, which
includes linear and nonlinear regression, decision trees, support
vector methods, ensemble learners, and deep neural networks.
These methods are especially effective when the goal is to
approximate an input-output mapping from historical data. In grid
contexts, they are used for load forecasting, photovoltaic
generation forecasting, electricity price estimation, transformer
health prediction, battery degradation assessment, and power
quality classification. Their appeal lies in their flexibility: they
can exploit high-dimensional covariates such as weather
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forecasts, occupancy patterns, market variables, and device
telemetry without requiring full first-principles modeling.

3.2. Unsupervised Learning and Event Discovery

The second category is unsupervised and semi-supervised
learning, which is useful when labeled fault or event data are
scarce. Clustering methods support consumer segmentation, tariff
design, and flexibility characterization. Dimensionality reduction
methods help operators visualize latent operational regimes.
Autoencoders and density-based anomaly detectors are
increasingly used to detect cyber intrusions, meter tampering,
incipient equipment failures, or unusual operating points in
inverter-rich networks. These approaches are particularly
valuable in power systems because abnormal conditions are rare
by definition, and fully labeled datasets are often unavailable or
costly to curate.

3.3. Reinforcement Learning, Hybrid Intelligence, and
Explainability

The third category is sequential decision making,
especially reinforcement learning. This is one of the most
attractive Al paradigms for microgrids because energy
management is inherently a closed-loop control problem under
uncertainty. At each time step, the controller must decide how to
dispatch storage, flexible demand, controllable generation, or
market exchanges based on current measurements and
expectations about the future. Reinforcement learning can, in
principle, learn these policies directly from interaction data or
simulation. The well-known work of Ruelens et al. (2017)
demonstrated the promise of batch reinforcement learning for
residential demand response, and similar ideas have since been
extended to storage scheduling, building flexibility, electric
vehicle coordination, and microgrid dispatch.
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Still, unrestricted learning is not acceptable in safety-
critical energy infrastructure. A practical deployment must
account for constraint violations, action feasibility, model
uncertainty, and fallback logic. This is why hybrid approaches are
gaining traction. A learned forecasting model may feed a mixed-
integer optimizer. A reinforcement learning agent may operate
inside a supervisory envelope defined by rule-based safety
constraints. A neural estimator may run alongside a physics-based
observer. Increasingly, the question is not which single method
wins, but how data-driven intelligence can be embedded in a
verifiable decision pipeline.

4. Al APPLICATIONS IN SMART GRIDS
4.1. Forecasting, Flexibility, and Demand Response

Forecasting remains the most mature and economically
consequential Al application in smart grids. Grid operators need
accurate predictions of load, renewable generation, price, reserve
needs, and congestion risk across horizons ranging from minutes
to days. Hong and Fan (2016) provided a highly cited tutorial on
probabilistic electric load forecasting that helped shift the
conversation away from single-point predictions toward
uncertainty-aware methods. This shift is essential. In modern
grids, decisions are rarely made on the basis of a single expected
value; they depend on quantiles, confidence intervals, ramp risk,
and the likelihood of extreme deviations. Al contributes by
learning nonlinear weather-demand relationships, holiday effects,
occupancy signatures, and feeder-specific consumption patterns.

The integration of demand response adds a second layer
of complexity. In conventional scheduling, demand was largely
treated as exogenous. In smart grids, responsive demand becomes
a controllable resource whose flexibility depends on user comfort,
appliance states, price signals, and behavioral uncertainty.
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Siano’s influential survey (2014) demonstrated how demand
response evolved into a central smart-grid mechanism for
balancing variability and improving system efficiency. Al
methods now support customer segmentation, response
forecasting, dynamic pricing design, and the aggregation of
distributed flexibility portfolios. When carefully deployed, these
methods reduce peak demand, defer network reinforcement, and
improve the absorption of variable renewable generation.

4.2. State Awareness, Asset Analytics, and Anomaly
Detection

At the distribution level, Al is also transforming state
awareness. Classical state estimation remains indispensable, but
smart grids face observability gaps, asynchronous measurements,
and data quality issues that are difficult to handle with purely
model-based techniques. Machine learning helps by identifying
bad data, imputing missing values, inferring latent load behavior,
and accelerating estimation in large networks. Huang et al. (2012)
anticipated many of these challenges in the future grid. The
practical contribution of Al here is not to replace the physics of
power flow, but to improve robustness when measurements are
sparse, delayed, or corrupted.

Condition monitoring and predictive maintenance form
another major application domain. Smart grids contain a vast
asset base, including transformers, cables, circuit breakers, relays,
meters, switchgear, and converter-based interfaces. Maintenance
policies based solely on fixed intervals can be both expensive and
inadequate. Al models trained on temperature profiles, dissolved
gas analysis, partial discharge signatures, harmonics, vibration,
and event logs can identify degradation patterns before they
evolve into failures. The value is greatest when these predictions
are tied to maintenance prioritization, spare-parts planning, and
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outage-risk assessment rather than treated as isolated
classification outputs.

4.3. Cybersecurity and Planning Intelligence

Cybersecurity is now impossible to separate from
operational reliability. Smart grids expose a larger attack surface
because sensors, distributed controllers, cloud services, market
interfaces, and edge devices all contribute to the control loop. Al
supports intrusion detection, log correlation, and anomaly scoring
across cyber-physical datasets, but it also introduces new
vulnerabilities such as adversarial manipulation, data poisoning,
and model drift. The deployment lesson is clear: Al should
strengthen defense-in-depth, not become a single point of failure.
Secure architectures require authenticated data paths, role-based
access control, model versioning, and independent operational
safeguards that continue to function even when the analytics layer
Is compromised.

5. Al APPLICATIONS IN MICROGRIDS
5.1. Energy Management and Economic Dispatch

If the smart grid is the macro-level expression of digital
energy, the microgrid is its most experimentally rich local
manifestation. A microgrid concentrates many of the operational
challenges of the future power system into a bounded
environment: renewable intermittency, converter interactions,
storage scheduling, flexible demand, limited inertia, islanding
capability, and multiobjective decision making. This is why Al
has found especially fertile ground in microgrids. The question is
seldom whether a microgrid should be optimized, but how often,
with what information, under which constraints, and at what level
of autonomy.
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The most visible application is energy management.
Microgrid energy management systems must decide how to
schedule dispatchable units, charge or discharge storage, shift
flexible demand, manage imports and exports, and preserve
operational reserves. The objective may be cost minimization,
emission reduction, resilience improvement, battery life
preservation, or some weighted combination of these goals. Al
contributes in two complementary ways. First, it improves the
forecasts on which scheduling depends. Second, it can learn or
assist the supervisory policy itself. Reviews by Mohammadi et al.
(2022) and Joshi et al. (2023) show that machine learning is
increasingly used to support or replace heuristic energy
management rules in systems with diverse distributed resources.

A robust microgrid scheduler must anticipate not only
expected conditions but also uncertainty propagation. For
example, a battery dispatch plan that appears optimal under mean
photovoltaic output may become fragile if cloud cover is
underestimated or a flexible load does not respond as expected.
Al-based scenario generation and probabilistic prediction are
therefore highly valuable. They allow the energy management
layer to preserve flexibility for later intervals rather than greedily
optimizing the current step. In practice, this often leads to better
resilience and less aggressive cycling of storage assets.

Reinforcement learning is particularly attractive for these
supervisory tasks because it treats the scheduler as a sequential
decision maker. Instead of solving each step independently, the
controller learns how current actions influence future
opportunities and penalties. This is well aligned with battery
management, thermal flexibility, and tariff-sensitive operation.
Nevertheless, the raw version of reinforcement learning is rarely
sufficient for field deployment. The operationally meaningful
variants are those embedded in safe exploration rules, simulation-
based pretraining, or optimization-informed action filters. When
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reinforcement learning is combined with forecasts, state
estimation, and constraint screening, it becomes a practical
complement to model predictive or rule-based control rather than
a speculative replacement.

5.2. Storage Scheduling, Electric Vehicles, and Local
Flexibility

Electric vehicles add both complexity and opportunity to
the microgrid. From an operator’s perspective, EVs are mobile
loads whose charging patterns may be synchronized, uncertain,
and highly sensitive to pricing and user behavior. From an Al
perspective, they are flexible storage-like resources with
availability constraints. Learning-based methods can forecast
arrival times, estimate departure energy needs, and coordinate
charging to reduce peaks or absorb local renewable surplus. In
campus, residential, and commercial microgrids, this capability
can materially improve self-consumption rates and reduce stress
on local transformers and converters.

5.3. Hierarchical Control and Islanded Operation

Beyond supervisory scheduling, Al increasingly supports
secondary and tertiary control in inverter-dominated microgrids.
The hierarchical framework established by Guerrero et al. (2011)
remains highly relevant: primary control preserves immediate
stability and power sharing, secondary control restores voltage
and frequency, and tertiary control coordinates power flow and
economic exchange with the upstream grid. Al contributes most
strongly to secondary and tertiary layers, where prediction and
adaptation matter. For instance, data-driven estimators can
improve reference generation, disturbance classification, and the
tuning of restoration actions after transients. However, the
innermost converter loops should remain dominated by validated
control laws whose stability properties are well understood.
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This distinction is even more important in islanded
operation. Islanded microgrids have reduced fault levels, tighter
reserve margins, and greater sensitivity to measurement errors or
control delays. A learned controller that behaves acceptably in
grid-connected mode may become unstable when the network is
islanded or weakly supported. The review by Olivares et al.
(2014) remains instructive here: trends in microgrid control point
toward greater intelligence, but also toward greater need for
hierarchy and coordination. Al is most useful when it enhances
preparedness and adaptation around these layers rather than
bypassing them.
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Figure 2. Mapping Al roles across grid and microgrid decision
horizons.

5.4. Restoration, Resilience, and Market-Coupled
Operation

Resilience and restoration constitute another promising
frontier. After an outage, a microgrid must often decide how to
re-energize segments, prioritize critical loads, sequence converter
reconnection, and manage scarce local energy. These decisions
are dynamic and conditional: the best action depends on evolving
forecasts, available reserves, and component health. Al can
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support restoration by ranking feasible switching plans,
predicting post-restoration stress, and learning which recovery
sequences preserve service quality with the lowest risk. In
community microgrids, these capabilities may be as valuable as
day-to-day economic optimization because they directly affect
continuity of service for hospitals, communication systems, water
infrastructure, and other critical loads. The decision horizons of
those operations are summarized in Figure 2.

6. IMPLEMENTATION CHALLENGES AND
DESIGN PRINCIPLES

6.1. Data Quality, Interoperability, and Compute
Placement

Although the technical promise of Al in energy is
substantial, deployment quality is determined by data quality,
system integration, and governance. The first challenge is the gap
between laboratory datasets and operational data streams. Utility
and microgrid measurements are often missing, delayed,
unsynchronized, or contaminated by communication faults and
maintenance events. Labels may be sparse, especially for rare
disturbances. A model that performs well on curated historical
data can fail in production simply because the assumptions behind
its features are not preserved. For this reason, data engineering,
timestamp alignment, missing-value treatment, and model
monitoring must be treated as part of the power-system design
problem rather than as afterthoughts.

Interoperability is the second challenge. Al applications
draw data from meters, phasor units, relays, building management
systems, inverters, batteries, weather services, and market
platforms that were rarely designed as a unified digital stack.
Without careful data modeling and standardized interfaces, the
cost of maintaining an Al application can exceed the value it
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produces. The success of Al in smart grids therefore depends on
robust middleware, semantic consistency, device metadata, and
version-controlled feature pipelines. In practical terms, it is often
more valuable to have a modest model fed by dependable data
than a sophisticated model built on unstable interfaces.

6.2. Trust, Security, and Governance

Trust, explainability, and auditability are equally
important. Operators need to understand why a model
recommends a particular control action, and regulators need
evidence that automated decisions are consistent with reliability
obligations. This does not require every model to be simple, but
it does require traceability. Inputs, assumptions, training data
windows, validation procedures, and fallback strategies should all
be documented. In many cases, the most reliable design is human-
centered: Al generates ranked recommendations, confidence
estimates, or scenario analyses, while the final action remains
subject to supervisory approval or constraint screening.

Cybersecurity and privacy create another layer of
complexity. Consumer-level load traces, behind-the-meter data,
and distributed resource telemetry can reveal sensitive
operational or behavioral information. Training centralized
models on raw data is not always desirable or permissible. This is
one reason federated learning, privacy-preserving aggregation,
and edge analytics are attracting interest. At the same time, Al
models themselves must be protected against unauthorized
updates, model extraction, and adversarial inputs. Energy-sector
digitalization cannot rely on blind trust in analytics vendors or
cloud workflows; it requires a defensible security architecture
that treats models as operational assets.

The final design principle is methodological humility. Al
is powerful, but in power systems it must earn its place through
repeatable validation, stress testing, and operational usefulness.
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The best-performing solutions are usually hybrid: they preserve
physical constraints, leverage domain structure, and remain
interpretable enough to support maintenance, auditing, and
lifecycle management.

7. FUTURE DIRECTIONS

The next phase of Al adoption in microgrids and smart
grids will likely be shaped less by isolated benchmark accuracy
and more by system-level integration. One major direction is the
growing use of digital twins that couple physics-based simulation,
historical data, and online telemetry. In such environments, Al
models can be trained, stress-tested, and continuously updated
against realistic operating conditions before they influence field
decisions. This will be especially important for restoration
planning, grid-forming converter coordination, and extreme-
event preparedness.

Another direction is the rise of physics-informed and
constraint-aware learning. As renewable penetration increases
and microgrids become more converter dominated, the acceptable
action space narrows. Learning algorithms that can internalize
network equations, protection limits, and stability margins will be
more valuable than generic black-box models. The same logic
applies to reinforcement learning: safe and model-assisted
variants are likely to dominate practical deployments because
they align better with utility risk tolerance and certification
requirements.

Finally, the field is moving toward decision intelligence
rather than isolated prediction. The strongest Al systems will be
those that connect forecasting, optimization, control, and post-
event learning into a coherent operational loop. In other words,
the future of Al in energy will not be defined by how many
models are deployed, but by how effectively those models
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improve reliability, resilience, efficiency, and transparency at
scale.

8. CONCLUSION

Artificial intelligence is becoming a structural capability
in modern power systems because smart grids and microgrids
now operate in environments characterized by uncertainty,
decentralization, dense sensing, and rapid decision cycles. The
most valuable applications are not necessarily the most
fashionable ones. Forecasting, demand flexibility, state
awareness, anomaly detection, degradation assessment, and
supervisory energy management already offer substantial
operational benefits when they are integrated with sound
engineering practice.

For microgrids in particular, Al adds value when it
enhances local autonomy without undermining stability or safety.
This means that Al should primarily strengthen supervisory,
predictive, and coordination layers, while validated control
methods continue to govern the innermost electrical dynamics.
Smart-grid applications follow the same principle at a larger
scale: learning systems should improve observability and
decision quality, but they must remain compatible with physical
constraints,  cybersecurity  requirements, and operator
accountability.

The central lesson is therefore not that Al will replace
conventional power-system methods, but that the future grid will
be engineered through their combination. The most resilient
architectures will merge measurement-rich digital infrastructures,
domain-informed learning, hierarchical control, and transparent
governance. In that combined form, Al can help transform smart
grids and microgrids from reactive infrastructures into
anticipatory and adaptive energy systems.
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