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Abstract. We consider a simple Newtonian model of a non-rotating white dwarf containing a dark-

matter admixture. The baryonic component is described by the Chandrasekhar equation of state for a
cold degenerate electron gas, whereas the dark component is modeled as an independent polytropic
fluid. The two components are coupled only through the common Newtonian gravitational field.
Numerical solutions are constructed for a reference baryonic sequence and for representative mixed
configurations with fixed dark-sector parameters. Attention is restricted to three basic outputs:
the density profiles, the mass—radius relation, and the limiting mass readout within the explored
density interval. At p, . = 10% gecm™3, the representative mixed models reduce the total mass by
about 14.08% for 6 = 0.25 and by about 19.17% for 6§ = 0.35, relative to the purely baryonic
configuration. The goal is not to identify a specific dark-matter particle model, but to provide a
transparent baseline calculation showing how an additional gravitating component can modify the
equilibrium sequence of white dwarfs.

Keywords: white dwarfs; dark matter admixture; Newtonian gravity; Chandrasekhar equation of state;
mass—radius relation.

1. INTRODUCTION

The nature of dark matter remains one of the central open problems in modern astrophysics and
cosmology. Although its existence is supported by a broad range of gravitational observations, its
microscopic properties are still unknown [1, 2, 3]. For this reason, compact astrophysical objects are
often used as theoretical laboratories for testing whether a dark component can leave observable or
structural signatures in self-gravitating systems [4, 5, 6].

Among compact stars, white dwarfs are especially suitable for baseline studies. Their equilibrium
structure is well understood in Newtonian gravity through the Chandrasekhar model, where electron
degeneracy pressure supports the star against gravitational collapse [7, 8, 9, 10, 11, 12]. This makes
white dwarfs a natural reference system for asking a simple and physically meaningful question: how
does the presence of an additional dark matter component modify the standard baryonic configura-
tion?

Dark matter effects in compact stars have been discussed in different contexts, including neu-
tron stars, mixed compact objects, and self-gravitating dark-sector configurations [4, 5, 6]. However,
much of the existing literature is focused either on relativistic stars, on model-dependent dark-sector
interactions, or on scenarios with more complicated microphysics. In contrast, there is still value in
constructing a minimal and transparent Newtonian benchmark for white dwarfs with dark matter ad-
mixture. Such a model can clarify the basic structural trends, provide a clean point of comparison with
the standard Chandrasekhar sequence, and serve as a starting point for later extensions. Dark-matter-
admixed white dwarfs have been investigated in several related contexts [13, 14, 15, 16, 17]. Leung
et al. studied white dwarfs containing degenerate fermionic dark-matter cores and showed that suffi-
ciently light dark matter can significantly reduce the stellar radius and the Chandrasekhar mass limit
[13]. More recent relativistic two-fluid studies have further demonstrated that light fermionic dark
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matter may modify the compactness and radial stability properties of white dwarfs [15]. Other ap-
proaches have incorporated cold dark matter into hot-white-dwarf equations of state or have adopted
a single-fluid treatment of the baryonic and dark components [17]. These works indicate that even a
modest dark component can produce measurable structural changes in white-dwarf configurations.

The purpose of the present work is complementary. Instead of adopting a specific particle-physics
model or a fully relativistic formulation, we construct a minimal Newtonian two-component bench-
mark in which the baryonic sector is described by the Chandrasekhar equation of state and the dark
sector by an effective polytropic equation of state. This formulation allows us to isolate the equilib-
rium role of dark matter admixture, to compare directly with the standard Chandrasekhar sequence,
and to distinguish the baryonic radius from the full spatial extent of the mixed configuration.

In the present work, we consider a non-rotating, spherically symmetric white dwarf containing
both baryonic matter and a dark matter component. The two sectors are treated as fluids coupled
through the common gravitational potential. The baryonic matter is described by the Chandrasekhar
equation of state, while the dark matter component is modeled with an independent equation of state
[7, 10, 12, 13].

The paper is organized as follows. Section 2. introduces the two-component model and the
equations of state. Section 3. summarizes the numerical scheme and the global quantities extracted
from the solutions. Section 4. presents the main results. Final remarks and limitations are collected
in Section 5..

2. NEWTONIAN TWO-COMPONENT MODEL

We consider a cold, non-rotating, spherically symmetric white dwarf composed of a baryonic
component and a dark matter component. Both fluids move in the same Newtonian gravitational
potential. The total mass density is therefore written as

Prot (1) = Pp (1) + Pam (1), (1)

where p, and p;,, denote the baryonic and dark-matter densities, respectively. The enclosed total
mass satisfies

d
=4 py(r) + Pan(7)]. @)

Hydrostatic equilibrium for the two components is then described by

dpp Gm(r)
dr =—Pp 2 (3)
dpdm o Gm(r)

In other words, the two fluids are coupled only through their common gravitational field. No direct
non-gravitational interaction is included.

2.1. Baryonic equation of state

The baryonic component is described by the zero-temperature Chandrasekhar equation of state,
with the standard zero-temperature electron-gas formulation and related refinements [7, 9, 18]. Intro-

ducing the relativity parameter

x=2LE )

MeC
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where pr is the electron Fermi momentum, one can write the pressure and density as

po(x) =K [x(zxz ~3)v/1+ 22+ 3sinh~! (x)] : ©6)

Py(x) = pox’. @
The constants are 45 ( )3
Tm.c 8T ey (meC
K="—"F Y 8
w3 P T ®

where m, is the electron mass, m,, is the atomic mass unit, 4 is Planck’s constant, ¢ is the speed of
light, and p, is the mean molecular weight per electron. In the numerical calculations we set t, = 2,
appropriate for a carbon—oxygen white dwarf.

2.2. Dark matter equation of state

The dark component is modeled phenomenologically as a polytropic fluid,

Pam = Kamp), ., )

where K, is the polytropic constant and ¥ is the effective adiabatic index. Polytropic models are
widely used as effective descriptions of self-gravitating fluids, including compact-star applications
[19, 20, 21, 22, 23]. This form is introduced only as an effective description; it is not intended to
select a unique microscopic dark-matter model.
For the numerical calculations presented here, the dark-sector parameters are fixed to
L5y Kanpy
’y - 3 ’ - K -
With this choice, the dark component is represented by a single reference polytropic law whose di-
mensionless pressure scale is tied to the Chandrasekhar normalization. The aim of this choice is
deliberately restricted: it provides a controlled setup in which the structural effect of an additional
self-gravitating component can be isolated.

1. (10)

2.3. Central conditions and radii
At the center we impose
m(0)=0,  pp(0)=ppe,  Pam(0) = Pam,c- (an
The central admixture parameter is defined by
Pdm,c
6=—. (12)
Pb,c

The limit 0 = 0 reduces the system to the standard baryonic white-dwarf sequence.
The baryonic radius is defined through

pb(Rp) =0, (13)
or, equivalently, by the condition x(R;) = 0. The dark-matter radius is defined by
The total radial extent is
R = max(Rb,Rdm). (15)

In what follows, R;, is used as the main stellar radius because it marks the outer boundary of the
visible baryonic matter.

Int. J. Adv. Phys. and Astr. (Online) International Journal of Advanced Physics and Astronomy Ne1(1), 2026
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2.4. Dimensionless equations used in the integration

For the numerical integration it is convenient to introduce the Chandrasekhar scales

1/2
az( X )/, mo = 4mpoa’, (16)
4nGp}

and the dimensionless variables

r=ar, m = mom, Py = Pox, Pdm = PoY- (17)

The dimensionless dark-sector stiffness is

Kdmpg
=20 18
X (18)
Defining
¢ (x) =x(2x* —3)v/14+x2+3sinh ! (19)
the coupled system becomes
di
=P 4y, (20)
_ 3 -1
dr__me (4 @)
dr 2 \dx
D__ Mmooy oo, (22)
dr oyr? ’
The corresponding central values are
Pb /3
0 == () o=8d w0 =0 ©3)
0

3. NUMERICAL SETUP

Equations (20)—(22) are integrated outward from a small radius near the center. To avoid the
central coordinate singularity, the integration starts at 7 = iy with the regular leading-order expansion

1
(o) = 3 (2 +e) To. (24)

The variables x and y are initialized at this radius by their central values. Integration is stopped
when the baryonic and dark-matter components reach the chosen surface thresholds.
The baryonic central density is varied over the interval

Py € [10°,10'] gem ™. (25)
The central dark-matter admixture is sampled through the representative set
0 =0, 0.25, 0.35, (26)

where 6 = 0 corresponds to the standard Chandrasekhar sequence, while 6 = 0.25 and 6 = 0.35
represent two mixed cases with visibly stronger dark-matter contributions.

International Journal of Advanced Physics and Astronomy Ne1(1), 2026 Int. J. Adv. Phys. and Astr. (Online)
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For each model we extract the total mass,

M =m(R), 27
the baryonic mass,
Ry
M, =4z / 2 py(r)dr, (28)
0
and the dark-matter mass,
Rdm
My, =41 / 2 Pam(r)dr. (29)
0
The final dark-matter mass fraction is
My
fam = —M’". (30)

We also define the limiting mass within the explored interval by

Mlim(6) ZI’BhaXM(pb’C;S). (31)

This is only an operational readout over the scanned density range. It is not interpreted here as a
complete dynamical stability limit.

For the representative mixed solution used in the density-profile analysis below, the integration

starts at
o =108, (32)

with the stopping thresholds
Xoop = 107 yoiop = 107°. (33)

The coupled equations are solved in Mathematica with the adaptive “StiffnessSwitching” method.
The parameters used for Figure 1 are

5
Ppe=10"gem™3,  §=0.5, r=73 a=1. (34)

4. RESULTS AND DISCUSSION

We now turn to the minimal set of outputs needed for the present purpose: density profiles, the
mass—radius relation, and the limiting readout extracted from the explored sequences.
4.1. Density profiles

The radial structure is described by

Po(r),  Pam(r),  Pror(r) = P (r) + Pam(r)- (35)

A representative mixed model is sufficient to show how the dark component is distributed relative
to the visible stellar matter and how it contributes to the total density profile.

Figure 1 displays the normalized density profiles py,/pp ¢, Pps/Pom.c and Pror / Pror e for the rep-
resentative mixed configuration with p, . = 108 gem™3, § = 0.25, y=5/3 and a = 1. The dark
component is more centrally concentrated than the baryonic one and reaches zero at a smaller radius,
Rpy ~ 2101.81 km, whereas the baryonic component extends to R, ~ 4169.29 km. For this model

Int. J. Adv. Phys. and Astr. (Online) International Journal of Advanced Physics and Astronomy Ne1(1), 2026
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the total mass is M ~ 1.01421 M., the dark-matter mass is Mpys ~ 0.09843 M., and the correspond-
ing mass fraction is fpy ~ 9.71 x 10~2. This example illustrates that the dark component forms an
inner compact region, while the visible stellar size remains determined by the baryonic surface.

1.0F ==, k
[ \,
0.8F -
2 | — Pb/Poc
5 06} Pom/ Pome ]
3 |
N I Prot/ Protc
[a~1
0.4f -
EC
a
0.2F i
0.0F -
0.0 0.5 1.0 1.5 2.0 2.5 3.0

Tbar

Figure 1 - Normalized density profiles py,/pp ¢, Poam/Ppm.c and Pror/ Pror for the representative mixed model
with pp . = 108 gem™3, § = 0.25, y=5/3 and & = 1. The dark-matter profile decreases more rapidly with
radius and terminates at Rpy ~ 2101.81 km, whereas the baryonic component extends to R, ~ 4169.29 km.

4.2. Mass—radius relation

The main global quantity of interest is the mass—radius relation. In the present model the mass is
the total gravitational mass obtained from Eq. (27) and the radius used for comparison is the baryonic
radius R,. Thus the relevant sequence is

M = M(Ry;9). (36)

Figure 2 shows the mass—radius relation for the reference baryonic sequence (0 = 0) together
with two representative mixed cases, 6 = 0.25 and 6 = 0.35. For the mixed sequences, the numerical
solutions were obtained over the central-density interval p, . = 105108 gecm™3, whereas the pure
baryonic sequence was followed over the wider range pj, . = 10%-10'! gcm™3. Within the explored
interval, increasing the central dark-matter admixture shifts the mixed configurations toward lower
masses and smaller baryonic radii relative to the standard Chandrasekhar sequence. This is already
visible for the representative case pj, . = 108 gcm ™3, where the total mass decreases from 1.18047 M.,
at 6 =0 to 1.01421 M at 6 = 0.25 and to 0.954212M., at 6 = 0.35, while the baryonic radius
decreases from 4327.58 km to 4169.29 km and 3843.33 km, respectively.

At a qualitative level, this shift is easy to understand. Once the dark component contributes to the
common gravitational field, the baryonic structure responds to the total enclosed mass rather than to
the baryonic mass alone. In this simple model, that is the basic mechanism behind the departure from
the standard Chandrasekhar sequence.

International Journal of Advanced Physics and Astronomy Ne1(1), 2026 Int. J. Adv. Phys. and Astr. (Online)
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0.2 ]

00k o o
2000 4000 6000 8000 10000
Ry (km)

Figure 2 — Mass—radius relation M /M, versus R, for the standard baryonic sequence (6 = 0) and for two
representative mixed configurations (6 = 0.25 and & = 0.35). The mixed sequences are computed over the
central-density range pp, . = 10°-108 gecm ™3, whereas the pure baryonic sequence extends to
Pbc = 10'"" gcm™3. The mixed curves lie below the standard Chandrasekhar sequence, showing that an
increasing dark-matter admixture reduces the total mass of the equilibrium configuration for the same general
radius scale.

4.3. Relative impact of the dark-matter admixture

To quantify the influence of the dark component, we compare each mixed configuration with the
purely baryonic model at the same central baryonic density. This comparison is useful because the
parameter O specifies only the central density ratio, whereas the final structural changes are deter-
mined by the integrated equilibrium solution. We therefore introduce the fractional changes in the
total mass and in the baryonic radius as

M(8) —M(0) AR — Bo(0) —Ry(0)

M=""V0) =T R0)

(37)

The resulting values are listed in Table 1. In the density interval where all three sequences are
available, the dark-matter admixture systematically lowers the total mass and the baryonic radius.
The mass reduction is already visible at p;, . = 10% gcm ™3 and becomes more pronounced as the
central density increases. At p, . = 10® gem™3, the mass decreases by about 14.08% for § = 0.25
and by about 19.17% for & = 0.35. The corresponding decrease in the baryonic radius is about 3.66%
and 11.19%, respectively.

This result gives a direct numerical measure of the effect of the dark component in the present
minimal model. It also shows that the central admixture parameter & should not be identified with
the final dark-matter mass fraction. For example, at p, . = 10® gecm™3 the output mass fraction is
fom = 0.09705 for &6 = 0.25, but it increases to fpy = 0.20760 for 6 = 0.35. Thus, even for a
fixed phenomenological dark-sector equation of state, the global importance of the dark component
depends on the full equilibrium configuration, not only on the central input ratio.

Int. J. Adv. Phys. and Astr. (Online) International Journal of Advanced Physics and Astronomy Ne1(1), 2026
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Table 1. Relative changes of the mixed configurations with respect to the purely baryonic sequence
at the same central baryonic density.

Prc(gem ™) | & | M/Mg | Ry (km) | fom Ap AR
100 0.25 | 0.372661 | 10941.4 | 0.01936 | —7.02% —0.16%
100 0.35 | 0.354539 | 10864.5 | 0.03760 | —11.54% | —0.86%
107 0.25 | 0.740940 | 7063.1 | 0.03330 | —9.10% —0.31%
107 0.35 | 0.694300 | 6953.5 | 0.06698 | —14.82% | —1.86%
108 0.25 | 1.014210 | 4169.29 | 0.09705 | —14.08% | —3.66%
108 0.35 | 0.954212 | 3843.33 | 0.20760 | —19.17% | —11.19%

4.4. Limiting configurations

The largest masses obtained in the explored central-density interval are summarized through the
limiting readout defined in Eq. (31). Together with the corresponding baryonic radius and dark-
matter fraction, these values provide a compact comparison between the pure baryonic sequence and
the representative mixed sequences.

Table 2. Limiting configurations within the explored central-density interval. For the mixed cases
8 =0.25 and § = 0.35, the numerical scan was restricted to the range p. = 105-10% gcm=>. In
these cases, the limiting quantities should be read as numerical outputs over the explored interval
rather than as complete high-density maxima.

0 | Miim/Mo | Rpjim (km) | famlim

0 1.45072 662.771 0
0.25 | 1.01421 4169.29 0.0970526
0.35 | 0.954212 3843.33 0.207596

The quantity fy, is useful because the input parameter 6 refers only to the central density ratio,
whereas f;,, measures the final mass contribution of the dark component. In that sense, it gives a more
direct estimate of how important the dark sector becomes in the resulting equilibrium configuration.

5. CONCLUSIONS

We have studied a minimal Newtonian model of a white dwarf containing a dark-matter admix-
ture. The baryonic component was described by the Chandrasekhar equation of state, whereas the
dark component was represented by an effective polytropic law. The two sectors were coupled
only through the common Newtonian gravitational field. Within this deliberately restricted setup,
the model provides a transparent baseline for comparing the standard Chandrasekhar sequence with
mixed two-component configurations.

The numerical analysis focused on three simple but physically informative outputs: the density
profiles, the mass-radius relation, and the limiting readout over the explored central-density interval.
The density profiles show that, for the representative mixed configuration considered here, the dark
component is more centrally concentrated than the baryonic component. The visible stellar boundary,
however, remains determined by the baryonic surface.

A direct comparison at fixed central baryonic density shows that the dark-matter admixture pro-
duces a measurable reduction of both the total mass and the baryonic radius. At the reference density
Pbe = 103 gcm ™3, the mass decreases by about 14.08% for the case § = 0.25 and by about 19.17%
for the case 6 = 0.35 relative to the purely baryonic configuration. The corresponding reductions in

International Journal of Advanced Physics and Astronomy Ne1(1), 2026 Int. J. Adv. Phys. and Astr. (Online)
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the baryonic radius are about 3.66% and 11.19%, respectively. This result gives a direct quantitative
measure of how strongly the central admixture parameter changes the global equilibrium sequence in
the present model.

For the representative mixed configuration used in the density-profile analysis, we obtain M ~
1.01421 M, R, = 4169.29 km, and fpy =~ 9.71 X 10~2. This example illustrates that the dark com-
ponent can form an inner compact region while the outer radius of the observable star is still set by
the baryonic matter.

Within the explored central-density interval, increasing the central admixture from 6 =0 to 0 =
0.25 and 6 = 0.35 moves the mixed configurations toward lower masses and smaller baryonic radii
relative to the standard Chandrasekhar sequence. In particular, at pj, . = 10% gecm™3 the total mass
changes as 1.18047 M., 1.01421 M., and 0.954212 M, for the three cases, respectively.

The model remains intentionally limited. It does not include rotation, magnetic fields, finite-
temperature corrections, general relativistic effects, or a specific microscopic dark-matter candidate.
The results should therefore be interpreted as a baseline Newtonian calculation rather than as a com-
plete astrophysical model of dark-matter-admixed white dwarfs. Nevertheless, the calculation shows
that even this minimal two-component framework is able to isolate the structural role of an additional
gravitating component and to quantify its impact on the white-dwarf equilibrium sequence.
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Abstract. Polycyclic aromatic hydrocarbons and their derivative nanostructures serve as the fun-
damental organic inventory of the universe. Far from static, these species undergo a complex evolu-
tionary pathway transitioning from isolated gas-phase molecules to hybrid three-dimensional archi-
tectures, such as hydrogenated amorphous carbon and fullerenes. This mini-review reflects recent
breakthroughs across observational, laboratory, and theoretical astrochemistry. With the advent of
the James Webb Space Telescope, we can now resolve the fine spatial and spectral structures of
photodissociation regions and distant star-forming galaxies (z ~ 1-2), tracking specific topologi-
cal defects in carbon skeletons. Parallel to these observational milestones, laboratory action spec-
troscopy utilizing cryogenic ion traps has definitively linked the CZO cation to diffuse interstellar
bands and revealed ultrafast radiative cooling mechanisms via recurrent fluorescence. On the theo-
retical front, we highlight the critical shift from harmonic models to anharmonic cascade emission
and the deployment of ab initio metadynamics to simulate fullerene assembly. Finally, we explore
how machine learning and neural network potentials are breaking computational bottlenecks, en-
abling on-the-fly kinetic modeling of amorphous dust growth.

Keywords: Polycyclic aromatic hydrocarbons (PAHs), Astrochemistry, James Webb Space Telescope
(JWST), Interstellar medium (ISM), Photodissociation regions (PDRs), Cosmic dust evolution, Fullerenes,
Laboratory spectroscopy, Machine learning potentials.

1. INTRODUCTION

Rather than merely serving as passive tracers of astrophysical environments, carbon nanostruc-
tures actively govern the thermodynamic and chemical balance of the interstellar medium (ISM)
[1, 2, 3]. Polycyclic aromatic hydrocarbons (PAHs) dominate the photoelectric heating of neutral
gas: upon absorbing energetic ultraviolet (UV) photons, they eject suprathermal electrons whose
subsequent thermalization dictates the cooling rates of molecular clouds, ultimately regulating galac-
tic star formation [4, 5, 6]. Furthermore, due to their low ionization potentials and high electron
affinities, these macromolecules act as primary charge donors and acceptors, mediating the ionization
equilibrium in dense media [7, 8]. Crucially, carbon dust surfaces provide the necessary catalytic sub-
strate for molecular hydrogen (H,) recombination, absorbing the excess bond energy while shielding
fragile newly formed molecules from ambient UV fields [7, 8, 9].

The original Léger and Puget hypothesis modeled the carriers of aromatic infrared bands (AIBs)
as idealized, planar gas-phase species [10, 11]. However, an influx of high-resolution spectroscopic
data has forced a substantial revision of this framework [12, 13, 14]. Contemporary models invoke
hybrid, heterogeneous ensembles that include hetero-substituted compounds (PANHs, PAPHs), defec-
tive lattices, and functionalized macromolecules [15, 16]. In extreme radiation environments such as
photodissociation regions (PDRs), selective photodissociation destroys smaller, fragile species while
leaving behind ultra-large (N¢ > 50 — 100) and thermodynamically resilient architectures in a sur-
vival mechanism formally recognized as the "grandPAH" concept [12]. Simultaneously, the persis-
tent detection of broad emission continua and aliphatic features at 3.4—7.3um has driven the adoption
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of 3D amorphous network models, notably HAC [17, 18, 19, 20] and mixed aromatic/aliphatic or-
ganic nanoparticles (MAON) [21, 22, 23]. These frameworks depict highly defective, disorganized
3D structures where small aromatic domains are randomly linked by UV-labile aliphatic bridges
[16, 24, 25].

A major paradigm shift occurred in 2010 with the detection of intense infrared emission from
buckminsterfullerene (Cgp) in the planetary nebula T'c1 [26]. This discovery provided compelling ev-
idence that amorphous solid bodies can serve as direct precursors to closed-cage carbon frameworks
[27, 28]. We now understand that cosmic dust formation undergoes a strict thermodynamic bifurca-
tion, heavily dependent on the local C/O ratio and metallicity [29, 30]. The chemical buildup is a
tug-of-war between “bottom-up” catalytic assembly and “top-down” photochemical degradation of
larger parent bodies [31, 32]. Laboratory plasma simulations reveal that while high hydrogen partial
pressures stabilize classic 2D planar aromatic sheets, the presence of oxygen acts as a potent steric
trigger [33, 34]. Even without incorporating into the final lattice, oxygen inhibits the formation of
stable six-membered rings, thereby promoting pentagon integration and forcing the carbon network
to curl into 3D fullerenes and nano-onions [35, 36]. Consequently, the emission profiles we observe
across the universe capture a dynamic carbon cycle, constantly balancing between 2D planar config-
urations and highly defective curved surfaces [29, 37, 38].
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Figure 1 — Multi-layer spectral alignment of the 3.3um PAH band complex and its 3.246um satellite feature.
The inset demonstrates the molecular mechanism where steric repulsion between overlapping hydrogen atoms
in the bay regions of edge-defective neutral PAHs drives the precise blueshift to exactly 3.246um. Original
infographic compiled by the author. The theoretical anharmonic (VPT?2) reference data are adapted from [47]
and laboratory spectra as well as the JWST observational spectra are adapted from [7] focusing on 3.3um
feature.

2. KEY SCIENTIFIC ADVANCES

2.1. Observational Foundations: PAH Dynamics from Local PDRs to Cosmological Scales

The commissioning of the James Webb Space Telescope (JWST) has fundamentally transformed
our observational approach to PAHs, pushing the field past qualitative morphological classifications
into the realm of precision molecular topology [39, 40]. By leveraging the unprecedented spatial and
spectral resolution of the NIRSpec and MIRI instruments, recent surveys of prototypical PDRs like
the Orion Bar have resolved the fine structure of the 3.3 um stretching band [41, 42]. Far from a
simple Gaussian profile, this feature exhibits a pronounced blue wing and a distinct satellite peak at

International Journal of Advanced Physics and Astronomy Ne1(1), 2026 Int. J. Adv. Phys. and Astr. (Online)



UNIFYING THE COSMIC CARBON CYCLE 15

3.246 um [43, 44]. Theoretical models confirm that these subtle spectral signatures arise directly
from steric repulsion between hydrogen atoms nestled in the “bay regions” of edge-defective PAHs
[43, 45, 46]. This remarkable empirical and computational convergence is clearly mapped in Figure
1., which demonstrates the precise alignment of the 3.246 um satellite feature across astronomical
observations, laboratory action spectroscopy, and quantum chemical simulations.

Similarly, the asymmetric blue wing of the 6.2 um stretching band long considered a definitive
marker for nitrogen-substituted PANHs is now elegantly explained by the presence of trio-H struc-
tural defects on PAH cations, removing the strict necessity for heteroatom inclusion [47, 48]. Spatially
resolved emission maps across PDRs offer compelling empirical validation for the “grandPAH” hy-
pothesis [12]. As one moves toward the irradiating stellar source, the harsh ultraviolet environment
selectively obliterates smaller, fragile PAHs and strips away aliphatic side chains. Consequently,
the surviving emission originates almost exclusively from population of ultra-large (N¢ > 50-100),
highly ionized, and thermodynamically resilient macromolecules [12] as illustrated in Figure 2.

Figure 2 — Spatial architecture of the grandPAH hypothesis across a prototypical photodissociation region
(PDR). Original infographic compiled by the author.

To quantitatively decode these physical environments, astronomers rely on calibrated infrared
band ratios. The 11.3 um /7.7 um ratio serves as a robust ionization proxy; transitioning a PAH
to a cationic state amplifies the stretching dipole moments (at 6.2 um and 7.7 um) by an order of
magnitude, while leaving the out-of-plane bending modes (11.3 pm) largely unperturbed. Concur-
rently, the 11.3 um /3.3 pm ratio acts as a sensitive molecular size (N¢) chronometer, dictated by the
heat capacity and subsequent energy cascade of the UV-pumped molecule [12]. Moreover, JWST has
recently extended local diagnostic frameworks to cosmological scales. Observations using the MIRI
Low Resolution Spectrometer (LRS) have successfully detected PAH emission in luminous infrared
galaxies (LIRGs) at redshifts of z ~ 1-2 [4, 49]. The 3.3 um band luminosity has proven to be a
reliable tracer of dust-obscured star formation rates (SFR), adhering to a strict linear correlation:

log(L3‘3) =1.07- IOg(LIR) —34 (1)

Perhaps the most striking cosmological finding is that the mean 11.3 um/3.3 yum ratio in these
early-universe galaxies is approximately three times higher than that observed in local LIRGs [50].
This stark contrast unequivocally points to a fundamental shift in the dust size distribution at high red-
shifts, heavily skewed toward larger PAH grains, likely driven by enhanced coagulation rates within
denser, colder gas reservoirs [4, 50]. Parallel investigations have mapped the severe survival limits of
carbon nanostructures within the extreme environments of active galactic nuclei (AGN) [4, 51, 52].
The fierce X-ray radiation emanating from accretion disks systematically destroys smaller and ion-
ized PAHs, severely suppressing the 3.3, 6.2, and 7.7 um emission bands within the central parsecs
of Seyfert galaxies [52, 53, 54, 55]. As a result, the infrared spectra of AGN-dominated systems are
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sculpted entirely by an anomalous, heavily shielded population of large, neutral PAHs [56]. This
selective destruction demands rigorous spectral decomposition when attempting to utilize PAHs as
universal SFR indicators in active galaxies [56, 57].

2.2. Laboratory Astrochemistry: From Action Spectroscopy to Prebiotic Ice Synthesis

For decades, the interpretation of astronomical spectra relied heavily on matrix isolation tech-
niques. While foundational, isolating molecules in cryogenic argon or neon lattices inherently cor-
rupts intrinsic vibrational signatures via unpredictable matrix shifts and symmetry distortions [58, 59].
To bypass these solid-state artifacts, modern laboratory astrochemistry has pivoted to gas-phase
“action spectroscopy,” an approach that faithfully replicates the pristine vacuum of the interstellar
medium [60, 61, 62]. Utilizing infrared multiple photon dissociation (IRMPD) coupled with free-
electron lasers like FELIX, researchers can now track in situ molecular growth [60]. A prime exam-
ple is the bottom-up synthesis of nitrogen-substituted PAHs(PANHs) inside cryogenic ion traps. By
exposing trapped pyridine cations (CHsN ™) to acetylene (CoH,) at 150 K, experiments successfully
mapped the stepwise polymerization leading to the endoskeletal quinolizinium core [63].

Perhaps the most historic spectroscopic triumph of the last decade involved identifying the elusive
carriers of the diffuse interstellar bands (DIBs). Solving this century-old enigma required cooling
target ions near absolute zero without perturbing their electronic structures. Messenger spectroscopy
inside superfluid helium nanodroplets (7 < 1”K”’) provided the exact methodology needed, delivering
unequivocal proof that the buckminsterfullerene cation is responsible for at least two intense near-
infrared DIBs at 9577 A and 9632 A [64, 65].

4000 A Over 600 Unidentified Diffuse Interstellar Bands (DIBs) ) ,’/ 10000 A

Precision Peaks at 9577 A and 9632 A

Modern near-infrared observations isolated these two deep, VHEHUWV
distinct absorption features as primary targets for identification Nanodroplet

Buckminsterfullerene Cg,
as the Carrier

The 3D “soccer ball” carbon cation was confirmed to 7
match the specific cosmic absorption signatures. \e / Confirmed via Messenger Spectroscopy

Laboratory tests in superfluid Helium nanodroplets at
~0.4 K provided the exact spectral “ground truth.”

Figure 3 — Experimental identification of the buckminsterfullerene Cgro cation as a DIB carrier. Original
infographic compiled by the author.

Simultaneously, the survival dynamics of PAH cations in harsh UV environments were fundamen-
tally rewritten by experiments conducted in cryogenic electrostatic storage rings, such as the Double
ElectroStatic Ton Ring Experiment (DESIREE, 13 K, ~ 1 x 10~!4 mbar) [66, 67]. By monitoring
the delayed unimolecular decay of circulating ions, physicists confirmed the existence of ultrafast
recurrent fluorescence (RF), occasionally termed Poincaré fluorescence [67]. As systematically dia-
grammed in Figure 4., fast radiative cooling governs the stabilization of energized species, allowing
highly excited PAH cations to undergo inverse internal conversion (IIC) from their vibrational ground
state (SS>0) into low-lying electronic excited states S1, subsequently emitting optical or UV photons
[66]. Incorporating a functional cyano group into the aromatic ring drastically lowers the energy
threshold, accelerating the RF cooling rate beyond 400 s~!. This exceptional photostability perfectly
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explains the anomalous radio-astronomical detection of intact cyanonaphthalenes within the frigid
dark core of TMC-1 [66, 68].
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Figure 4 — Intramolecular energy cascade of recurrent fluorescence (RF) as a PAH survival mechanism. The
Jablonski diagram charts the four-step cooling pathway: UV absorption, internal conversion (IC), inverse
internal conversion, and subsequent optical photon emission. The inset illustrates the DESIREE storage ring
layout used to observe these long-lived decay dynamics in ultra-high vacuum conditions free of collisional
quenching. Original infographic compiled by the author.

Replicating the dust-forming zones of Asymptotic Giant Branch (AGB) stars requires sophisti-
cated plasma jet reactors (COSmIC) and chambers with controlled thermal gradients (Stardust) [69].
Studies utilizing these interstellar dust analogues (IDAs) have uncovered a strict chemical bifurca-
tion dictated by the local carbon-to-oxygen ratio. Under highly carbon-rich conditions (C/O > 1),
molecular assembly overwhelmingly favors flat, 2D planar aromatic sheets [37]. Conversely, lower-
ing the ratio to 1.1 forces oxygen to act as a steric controller; even without incorporating into the final
macromolecular lattice, oxygen impedes the formation of stable hexamers. This forces the integra-
tion of pentagonal rings and aliphatic bridges, violently curling the carbon network into 3D fullerenes
and highly defective mixed aromatic/aliphatic organic nanoparticles (MAONSs) [37]. Providing a
competing “top-down’” molecular source, experiments have also demonstrated that atomic hydrogen
bombardment induces graphene etching on SiC cores, actively stripping away free PAH molecules
into the gas phase [37].

Finally, at 10 K, dust grains acquire thick ice mantles (H,O, CO, CO,, CH30H) that function
as formidable catalytic nanoreactors. Vacuum UV irradiation (hv < 10.2 eV) of these ices triggers
non-thermal photochemidesorption alongside the Desorption-Induced Electronic Transitions (DIET)
mechanism [70, 71]. Critically, the stepwise photochemical dehydrogenation of frozen methanol
yields highly reactive formaldehyde, triggering a cascade of radical-driven organic synthesis [72, 73]:

CH30H s H,CO + 2H° 2)

Simultaneously, this radiation induces the cleavage of molecular bonds, generating a high con-
centration of reactive intermediates, such as the hydroxymethyl (-:CH,OH), methoxy (-OCH3), and
hydroxyl (-OH) radicals. The subsequent recombination of these radicals within the catalytic ice
matrix ultimately yields a diverse inventory of complex organic molecules (COMs).

High-performance chromatographic analysis of the refractory residues remaining after ice subli-
mation has consistently confirmed the in situ generation of complex prebiotic inventories [74, 75].
These include racemic mixtures of up to 16 distinct amino acids (e.g., glycine, serine), ribose sug-
ars, uracil, and hexamethylenetetramine (HMT) proving definitively that the fundamental chemical
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building blocks of life are forged in the deep interstellar medium long before their delivery to proto-
planetary disks [74, 75].

2.3. Theoretical Advancements in Astrochemistry and Molecular Dynamics

To decode the unprecedented data streams flowing from JWST and ALMA, theoretical astro-
physics has decisively abandoned rudimentary harmonic approximations in favor of rigorous anhar-
monic modeling and machine learning integration [76, 77]. Historically tethered to modest basis sets,
the field now mandates extended frameworks incorporating polarization functions (e.g., cc-pVTZ)
to accurately capture the dynamic charge redistribution inherent to stretching modes [44, 47]. Fur-
thermore, because the photophysics of vacuum-isolated PAHs is strictly governed by anharmonic cas-
cade cooling, theorists have widely implemented second-order vibrational perturbation theory (VPT2)
[78]. By computing quartic force fields (QFF) via explicitly correlated wavefunctions (F12-TZ-cCR),
these advanced models successfully reproduce the critical red-shifting and asymmetric broadening of
emission lines triggered by thermal relaxation [79].

1000-2000 K |

10 K

(b) Panel B
Figure 5 — Theoretical models of complementary chemical pathways in cosmic carbon evolution. Panel A
(Left): Computational pathways for bottom-up PAH synthesis. Panel B (Right): Conceptual mechanics of
top-down aromatization under intense stellar radiation fields. Original infographic compiled by the author.

Quantum topological analysis has definitively proven that structural anomalies at the molecular
periphery drive the most perplexing spectral signatures [47]. Extensive simulations of highly de-
fective isomers reveal that steric repulsion between hydrogen atoms nestled within “bay regions,”
coupled with trio-H configurations, violently blue-shifts the short-wavelength modes to 6.15 yum and
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generates the distinct 3.246 um satellite band recently observed in the Orion Bar [14, 62]. Crucially,
this topological framework seamlessly explains the asymmetric blue wing of the 6.2 um feature uti-
lizing purely hydrocarbon cations, effectively negating the historical absolute necessity for nitrogen-
substituted PANHs [44].

A pivotal theoretical advancement in molecular dynamics for astrochemistry is the application of
ab initio metadynamics to overcome the severe timescale limitations of simulating low-temperature
carbon evolution. In standard molecular dynamics, cold carbon nanostructures easily become kineti-
cally trapped in deep local free-energy minima, making the observation of slow structural rearrange-
ments computationally prohibitive. Metadynamics resolves this by introducing a history-dependent
bias potential that continuously deposits artificial ’penalty hills”— typically repulsive Gaussian po-
tentials — along selected collective variables. This mechanism dynamically fills the underlying free-
energy wells, physically forcing the system to cross high activation barriers without revisiting previ-
ously sampled atomic configurations. For PAH science, this accelerated exploration of the potential
energy surface is transformative; it enables the efficient simulation of rare kinetic events, such as the
spontaneous topological self-assembly of 2D carbon networks into 3D fullerene-like nanoparticles,
capturing structural transitions that would otherwise require millions of years to unfold in the cold
interstellar medium.

Simulating the high-energy “bottom-up” assembly of 3D dust grains from chaotic gas-phase pools
requires pushing molecular dynamics past traditional thermodynamic barriers [7]. Because standard
molecular dynamics leaves cold carbon systems kinetically trapped in deep free-energy minima, ob-
serving slow structural transitions is normally computationally prohibitive. Ab initio metadynamics
(BOMD+MTD) resolves this timescale limitation by injecting a history-dependent bias constructed
as a sum of repulsive Gaussian potentials or artificial “penalty hills” into the collective variable space.
This mechanism dynamically fills the underlying free-energy wells, forcing the system to escape local
minima and cross high activation barriers. Computational experiments conducted at 400 K demon-
strate that this accelerated exploration allows flat, 2D polycyclic networks to spontaneously reorga-
nize into low-symmetry 3D fullerene-like spheres, utilizing integrated pentagons and heptagons as
essential curvature-inducing defects [7]. This kinetic balance between structural growth and degrada-
tion is theoretically and conceptually mapped in Figure 5, which contrasts the multi-regime pathways
of bottom-up molecular assembly (Panel A) against the radiation-driven mechanisms of top-down
macromolecular erosion (Panel B) within interstellar environments.

At the solid-state interface, hybrid QM/MM schemes have completely redefined our understand-
ing of catalytic ice mantles [80]. Modeling the surface adsorption of trans-glycine and highly polar
radicals onto water clusters reveals a massive reconfiguration of hydrogen bond networks (1.46—
2.53 A) [80]. This interaction yields staggering binding energies (B.E.): B.E.(trans—glycine) ~
11670 K, B.E.(COOH®) > 10000 K [80, 81]. Such extreme surface fixation completely paralyzes
radical diffusion, imposing severe kinetic bottlenecks on classical Langmuir-Hinshelwood surface re-
actions. Conversely, quantum models probing the limits of structural resilience have uncovered an
immense lonization Tolerance Limit (ITL) for closed carbon cages; the fullerene can endure macro-
scopic charging up to Céng under intense X-ray irradiation before ultimately succumbing to Coulomb
explosion [82].

Finally, the integration of machine learning (ML) is systematically eradicating the computational
bottleneck inherent to quantum mechanics [83]. Random Forest algorithms, trained on Morgan finger-
prints derived from over 14,000 PAH structures, can now predict infrared responses with microsecond
latency [84]. Perhaps the most profound theoretical breakthrough involves modeling the on-the-fly
kinetic growth of hydrogenated amorphous carbon (&¢—C) using neural network interatomic poten-
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tials (MLPs) [85, 86]. To cure the physical “shortsightedness” of standard MLPs which typically
utilize a restrictive 5-8 A cutoff radius, developers are deploying Message-Passing Neural Networks
(MPNNSs) that successfully capture long-range 7-electron delocalization across the macromolecule
[87]. Complementing these neural architectures, modern graph theory provides a remarkably robust
analytical invariant: the total number of perfect matchings (Kekulé structures) within the modified
planar graphs of hydrogenated fullerenes (e.g., CgoH>) maintains a strict negative correlation with
quantum thermodynamic energy, permitting the instantaneous topological screening of millions of
candidate isomers [88].

3. CRITICAL ANALYSIS OF CURRENT GAPS: KINETIC PARADOXES AND SPECTROSCOPIC
DARK MATTER

Despite the recent triumphs in high-resolution infrared astronomy and computational quantum
chemistry, the evolutionary paradigm of PAHs confronts severe kinetic and spectroscopic inconsis-
tencies. Transitioning this field from a phenomenological framework to a rigorous predictive science
requires resolving four fundamental paradoxes.

3.1. The Cold Core Paradox and the Collapse of HACA

Historically, infrared astronomy suffered from a critical limitation: AIBs trace the vibrational
modes of entire structural classes rather than individual molecular species [12, 13]. Radio astronomy
recently shattered this barrier. By deploying spectral matched filtering algorithms on Green Bank
Telescope data (the GOTHAM survey), astronomers successfully mapped rotational transitions of
specific polar macromolecules such as 1-cyanonaphthalene, indene, and the four-ring 1-cyanopyrene
(C16H9CN) deep within the frigid molecular cloud TMC-1 [62]. However, the observed column den-
sities of these species at temperatures near 10 K wildly exceed the predictions generated by classical
high-temperature astrochemical networks. The standard “bottom-up” Hydrogen Abstraction Carbon
Addition (HACA) mechanism is thermodynamically paralyzed in such cold environments [89]. This
glaring discrepancy forces a paradigm shift toward barrierless, radical-driven pathways, such as Hy-
drogen Abstraction Vinylacetylene Addition (HAVA), to explain the synthesis of complex rings in
dark clouds [90].

3.2. Ice Mantles as Kinetic Traps

Deep within dense clouds, carbonaceous dust grains accrete thick ice mantles primarily composed
of H>O, CO, and NH3, transforming into catalytic nanoreactors [91]. A major theoretical void exists
in accurately modeling the binding energies (B.E.) of polar intermediates at this solid-state interface.
Advanced QM/MM simulations demonstrate that the formation of dense hydrogen-bond networks
radically alters molecular conformations and violently elevates binding energies [7]. For highly polar
species, such as the hydroxymethyl (-:CH,OH) radical, surface fixation becomes extreme:

B.E.(COOH®) ~ 8000K to 11000K 3)

This profound immobilization completely paralyzes thermal surface diffusion, fatally crippling
classical Langmuir-Hinshelwood catalytic models. Consequently, returning intact macromolecules to
the gas phase bypasses thermal desorption entirely, necessitating non-thermal triggers such as heavy-
ion cosmic ray bombardment [92].

Unlike thermal processes governed by the cold bulk temperature of the ice, heavy cosmic ray
ions overcome massive thermodynamic bottlenecks through direct energy transfer. As these highly
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energetic particles traverse the icy dust mantles, their high electronic energy loss deposits massive
amounts of energy locally along their trajectory. This interaction creates ionization tracks and local-
ized “thermal spikes” that instantaneously exceed the surface fixation binding energies. Such extreme,
non-thermal energy deposition disrupts the local hydrogen-bond networks, simultaneously triggering
complex radiolysis within the ice and driving the nonthermal desorption of intact macromolecules
back into the gas phase without fragmentation.

3.3. DIBs, ERE, and Spectroscopic “Dark Matter”

While cryogenic messenger spectroscopy brilliantly secured the Cgo cation as the definitive carrier
of the 9577 A and 9632 A diffuse interstellar bands (DIBs), the molecular identities behind over 600
optical and 60 near-infrared DIBs remain elusive [93, 94]. Hypotheses invoking specific ultra-large
PAH cations face an acute deficit of isolated gas-phase laboratory data. The spectroscopic puzzle is
further complicated by “C,-DIBs” bands exhibiting unresolved rotational branches that imply car-
rier molecules of vastly different masses [95]. Intrinsically linked to this “dark matter” problem is
the Extended Red Emission (ERE), a broad photoluminescent continuum spanning 500 nm—900 nm.
Candidates ranging from oxygen-functionalized PAHs (OPAHs) to carbon nanodots have been pro-
posed, yet a rigorous energy-conversion mechanism seamlessly linking UV photon absorption to this
red luminescence remains conspicuously absent [96].

3.4. Survival Thresholds in These Extreme Environments

The extreme environments of Seyfert galaxies and quasars shatter standard observational calibra-
tions. The fierce X-ray radiation and shockwaves emanating from supermassive black hole accretion
disks systematically annihilate small and ionized PAHs, severely suppressing the 3.3 um, 6.2 um,
and 7.7 um emission features [53]. Consequently, the infrared spectra of AGN-dominated systems
are sculpted entirely by an anomalous, heavily shielded population of ultra-large (Nc > 300 — 400),
predominantly neutral PAHs [97]. How these neutral macromolecules evade catastrophic Coulomb
explosions at distances of 10-500 from the nucleus remains fiercely debated, with dense molecular
tori frequently invoked as the likely shielding mechanism. Ultimately, this selective destruction ren-
ders the uncorrected use of PAH luminosities as universal star formation rate (SFR) indicators highly
perilous in active galaxies, demanding rigorous spectral decomposition [53, 98].

4. FUTURE FRONTIERS: TOWARD PREDICTIVE MULTI-SCALE FRAMEWORKS

Resolving the lingering kinetic and spectroscopic inconsistencies within astrochemistry demands
transitioning from isolated quantum models to predictive, multi-scale frameworks. The next decade
will be defined by the tight integration of machine learning (ML), ultra-sensitive radio astronomy, and
cryogenic surface physics.

4.1. On-the-Fly Machine Learning and Topological Screening

Overcoming the &(N?) computational bottleneck inherent to Density Functional Theory (DFT)
relies heavily on deploying MLPs. Modeling the kinetic growth of highly disordered phases, such
as hydrogenated amorphous carbon (¢—C) and MAONS, on-the-fly requires bypassing the physical
shortsightedness of standard models, which typically utilize restrictive 5 A-8 A cutoff radii. MPNNs
resolve this limitation by successfully capturing long-range 7-electron delocalization across extensive
macromolecular networks [87].

Furthermore, graph theory drastically accelerates thermodynamic screening: the total number of
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Kekulé structures within modified planar graphs of hydrogenated fullerenes (e.g., CgoH2) maintains
a strict negative correlation with actual quantum thermodynamic energy. This mathematical invariant
permits the instantaneous topological filtering of millions of structural isomers without executing
resource-intensive ab initio calculations [88].

4.2. Multi-Wavelength Synergy: Cross-Correlating ALMA and JWST

Shattering the profound spectral degeneracy of AIBs demands cross-correlating mid-infrared vi-
brational data with sub-millimeter rotational spectroscopy (ALMA, GBT). The recent success of spec-
tral matched filtering within the GOTHAM survey which definitively identified polar macromolecules
like 1-cyanopyrene inside the frigid TMC-1 cloud paves the way for true single-molecule tomography.

Superimposing JWST infrared continuum maps onto ALMA kinematic maps of specific cyano-
PAHs will definitively resolve the lingering “grandPAH” versus “multi-PAH” debate. Simultaneously,
this multi-wavelength synergy provides the only observational avenue to validate barrierless, radical-
driven growth mechanisms, such as HAVA operating near 10 K.

4.3. Quantum Astrochemistry of Cryogenic Ice Nanoreactors

Precision modeling of interfacial catalysis across the dust-ice boundary constitutes the third strate-
gic frontier. Advancing hybrid QM/MM schemes is imperative for accurately predicting the stagger-
ing binding energies of polar radicals trapped on and ice mantles. Future computational frameworks
must accurately calculate non-thermal desorption cross-sections triggered by heavy-ion cosmic rays,
operating alongside UV-driven DIET.

Mapping these radical-driven photochemical cascades will finally close the gap in understanding
the deep-space synthesis of prebiotic inventories, ranging from racemic amino acids to HMT. Fur-
thermore, quantifying the exact contribution of ultra-large gas-phase macromolecules (e.g., ovalene)
to the surface catalysis of molecular hydrogen remains critical for accurately modeling the cooling
rates of dense photodissociation regions.

5. CONCLUSION

Over the past decades, the cosmic carbon paradigm has evolved dramatically from the idealized
Léger and Puget hypothesis of isolated, planar PAHs to a comprehensive, continuous evolutionary
cycle. We now recognize that two-dimensional aromatic sheets, highly defective 3D networks (HAC,
MAON), and closed-cage fullerenes exist in a dynamic thermodynamic equilibrium dictated by radi-
ation fields, metallicity, and coagulation kinetics.

This grand evolutionary narrative is comprehensively synthesized in the concluding diagram on
Figure 6, which maps the entire cosmic journey of carbonaceous matter spanning stardust injection
from AGB stars, competitive bottom-up and top-down processing tracks, molecular freeze-out onto
cryogenic ice mantles, and the subsequent radical-driven synthesis of life’s building blocks delivered
directly to young planetary systems.

The synchronized leaps in observational and laboratory astrophysics have cemented this unified
framework. JWST surveys, notably the ERS PDRs4All program, have conclusively mapped the topo-
logical markers of edge defects proving that steric interactions drive the 3.3 um blue wing and the
6.2 um asymmetry, thereby eliminating the absolute necessity for nitrogen-substituted PANHs. Cos-
mologically, these frameworks have established rigorous PAH-based SFR calibrations in highly ob-
scured, high-redshift (z ~ 1-2) environments, while revealing that severe X-ray destruction in AGN
aggressively shifts the surviving molecular distribution toward ultra-large, neutral species.

Simultaneously, cryogenic action spectroscopy has resolved century-old enigmas, securing the
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Figure 6 — Comprehensive scheme of the global cosmic carbon lifecycle from stardust production to prebiotic
chemistry. Original infographic developed by the author; visualization is based on the author’s initial
framework and rendered utilizing the Nano Banana Pro Al tool.

cation as a definitive DIB carrier and exposing the ultrafast radiative cooling of functionalized PAHs
via recurrent fluorescence. Theoretical modeling has matched this pace, shifting from rigid harmonic
approximations to fully anharmonic cascade emission models and utilizing ab initio metadynamics to
simulate bottom-up fullerene assembly.

Moving forward, deciphering the remaining hundreds of unassigned DIBs, untangling prebiotic
ice catalysis, and mapping extreme AGN survival thresholds depends entirely on interdisciplinary
synthesis. Fusing multi-wavelength spectroscopy with machine-learning-accelerated quantum dy-
namics will definitively elevate carbon nanostructures from passive spectroscopic tracers to the pri-
mary thermodynamic architects of the baryonic universe.
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Abstract. This paper reports a numerical investigation of diffusion-convective mass transfer in the
CO, — Si — N, gas—aerosol system at a low dispersed-phase volume fraction of ¢ = 0.5% under
isothermal and isobaric conditions(7 = 300 K, p = 0.1 MPa). Computations were carried out in
ANSYS Fluent, combining the Species Transport formulation with the Eulerian Multiphase Flow
framework, which together capture the coupled motion of gas components and solid microparti-
cles with a diameter of 10 um. The results demonstrate that even at such a low particle loading,
gravitational settling of Si particles generates a local density inversion near the bottom wall of
the upper vessel — sufficient to trigger convective instability. The mixing evolves through a se-
quence of well-defined stages: initial particle sedimentation, formation and subsequent breakup
of a dense particle cluster, sustained downward transport through the connecting channel, and the
emergence of a characteristic teardrop-shaped solid-phase structure in the lower vessel. Throughout
this process, the two phases exhibit markedly different transport kinetics: CO, accumulates gradu-
ally and continuously, whereas Si migrates in discrete pulses, producing pronounced oscillations in
the dispersed-phase volume fraction. The principal novelty of this work lies in demonstrating that
Rayleigh—Taylor-type convective instability develops at ¢ = 0.5% — a loading level at which any
solid-phase influence on the mass transfer mechanism would not be expected a priori. This find-
ing points to the existence of a lower concentration threshold below which the system transitions
from gas-like diffusive behavior to a qualitatively different convection-driven regime. The com-
bined Species Transport and Eulerian Multiphase approach proves capable of reproducing diffusion
— convective dynamics in dilute gas—solid systems without recourse to empirical fitting parameters.
The outcomes of this study are relevant to modeling aerosol particle behavior under atmospheric
and industrial conditions, and may inform the design of experiments aimed at measuring mutual
diffusion coefficients in gas—aerosol systems.

Keywords: gas—aerosol system, diffusion-convective mass transfer, Rayleigh—Taylor instability, dispersed
phase, silicon, ANSYS Fluent, Eulerian multiphase approach, concentration-driven convection, gravitational
sedimentation, Species Transport.

1. INTRODUCTION

Diffusion-convective mass transfer in gas—solid systems underpins a broad range of natural and
industrial phenomena, spanning atmospheric aerosol transport, particulate emissions from combus-
tion facilities, and mixing in chemical reactors. Many practically relevant configurations of this kind
operate under isothermal and isobaric conditions, yet their dynamics remain poorly understood owing
to the intricate interplay between molecular diffusion, concentration-driven gravitational convection,
and inertial settling of the dispersed phase.

In isothermal multicomponent gas mixtures, a pronounced mismatch in component diffusivities
can destabilize the mechanical equilibrium of the system [1, 2]. Depending on the balance between
partial concentration gradients and the thermophysical properties of the mixture, regions of locally el-
evated or reduced density may arise [3, 4, 5], driving concentration-induced gravitational convection.
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The threshold conditions for this instability admit determination by experimental means [6], through
analytical treatment within Rayleigh stability theory [1, 6], or via numerical simulation [7, 8]. A
systematic review of the phenomenon in gas mixtures is available in [9].

Earlier work [1, 9] addressed primarily configurations in which mixture density decreases with
height — a stratification that suppresses convective perturbations. The present study turns to the oppo-
site arrangement: an upward-directed density gradient, which gives rise to Rayleigh—Taylor convec-
tion [10]. In gas—solid systems, this instability takes on a distinctive character — the solid dispersed
phase locally elevates the mixture density in the upper region, establishing a density inversion that
drives the formation of descending particle jets and convective cells. While Rayleigh-Taylor dynam-
ics have been thoroughly examined in gas—liquid and gas—gas configurations [10, 11, 12], analogous
behavior in dilute gas—solid systems — where particle loading is low enough that the very onset of
instability remains an open question — has received considerably less scrutiny.

A central unresolved question concerns the minimum solid-phase volume fraction ¢ at which
the dispersed component begins to appreciably alter the mass transfer mechanism. In the limiting
case of ¢ — 0, the system reduces to a binary gas mixture governed entirely by molecular diffusion.
As ¢ increases, the solid phase contributes to local density stratification and interphase momentum
exchange, ultimately giving rise to convective structures.

Experimental access to such processes is hindered by the optical opacity of particle-laden media,
micro-scale interfacial effects, and the inherently transient nature of the phase boundary [13, 14, 15,
16]. Computational fluid dynamics offers a practical alternative, providing spatially and temporally
resolved descriptions of multicomponent multiphase flows. Nevertheless, most available numerical
models are tailored either to dense suspensions or rely on empirical closure terms that restrict their
validity in dilute flow regimes [17, 18, 19, 20, 21].

The present work addresses this gap through a detailed CFD study of diffusion-convective mixing
in the CO, — Si — N, gas—aerosol system at an initial solid-phase volume fraction of @ = 0.5%. The
numerical framework couples the Species Transport equations — previously validated for ternary gas
systems [22, 23] — with the Eulerian Multiphase Flow method, which accounts for interphase momen-
tum exchange without invoking empirical corrections. The core objective is to establish whether such
a low particle loading is capable of qualitatively altering the mass transfer regime relative to a pure
gas system, and if so, to identify the governing mechanisms and the characteristic timescales of each
process stage. The critical loading ¢., marking this transition has not been systematically character-
ized for gas—solid systems under isothermal and isobaric conditions, and closing this gap constitutes
the primary motivation of the present study.

2. METHODOLOGY

The system under study comprises two cylindrical vessels arranged vertically and connected by
a narrow cylindrical channel. At the initial moment, the upper vessel contains a mixture of CO;
gas and solid Si microparticles at a prescribed volume fraction ¢, while the lower vessel holds pure
N,. All calculations were performed under isothermal and isobaric conditions at 7 = 300 K and
p = 0.1 MPa. The computational domain geometry (Figure 1) reproduces the configuration employed
in earlier work [22, 23]: each vessel measures 47.5 mm in height, the connecting channel is 70 mm
tall with an inner diameter of 6.1 mm. All walls are treated as impermeable, adiabatic, and no-slip.

The thermophysical properties of the gas components and solid particles are listed in Table 1.
The density and viscosity values of each constituent directly govern the nature of interphase inter-
actions and the intensity of convective structures that develop during mixing. Of particular signifi-
cance is the substantial density contrast between the gas phase (CO;, N») and the solid Si particles
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475 mm

165 mm

Figure 1 — Geometric model of the study area.

(p = 2330 kg/m?), which amplifies the gravitational contribution to dispersed-phase dynamics and
constitutes the primary factor controlling the conditions under which density inversion occurs.

Table 1. Thermophysical properties of gases and particles.

Component | Phase tvpe Molar mass, | Density, | Viscosity, | Thermal cond., Cps

P P g/mol ke/m? Pa-s W/(mK) | J(keK)
CO, gas 44,01 1.977 1.48 x 1072 0.0166 844
Si solid 28.09 2330 — 148.0 700
N> gas 28.02 1.165 1.76 x 1072 0.0259 1040

The computational approach builds on a gas diffusion model validated in prior work [22, 23],
extended here to incorporate a solid dispersed phase. Gas-phase species transport is handled through
the Species Transport equations under isothermal and isobaric conditions, with turbulence closure
provided by the SST k — @ model. The solid phase is treated within the Eulerian Multiphase Flow
framework, in which both the gas and solid constituents are modelled as interpenetrating continua,
each carrying its own velocity, pressure, and volume fraction fields. Mass conservation for phase g is

expressed through the continuity equation:

a n
g(aqpq) + V- (0gpgVy) = Z Hipg — Tigp) +Sq ey

where the source terms represent the phase transition rate and characterise mass exchange between
phases p and ¢ in both directions [24]. Since no phase transitions or chemical reactions occur in this

Int. J. Adv. Phys. and Astr. (Online) International Journal of Advanced Physics and Astronomy Ne1(1), 2026



V. MUKAMEDENKYZY ef al. 32

configuration, these terms vanish identically.
The momentum balance for phase g takes the form:

0 . o S R
5 (0tgPgVq) + V- (gpgVyVy) = — t,Vp+V - T+ aypyg
n
+ Y (Rpg +titpgVpg — tigpVap) @)
p=1

+ (ﬁq + ﬁiift,q + le,q + ﬁvm,q + ﬁud,q)

where the stress-strain tensor, effective phase density, and body-force contributions are defined
in accordance with the standard Eulerian multiphase formulation [24]. The gravitational term plays
a central role in this problem: the density inversion between the particle-laden upper region and the
pure gas in the lower vessel acts as the driving force behind Rayleigh—Taylor-type instability.
Interphase momentum exchange between the gas and solid phases is given by:

Y Rpg =Y Kpy(¥p—¥y) 3)

where K, is the interphase momentum transfer coefficient, evaluated from the Schiller-Naumann
drag correlation for spherical particles of diameter d,, = 1075 m.
The volume fraction of each phase is obtained by solving the transport equation:

n

(%(“qpq)+v'(aqpq‘7q)> =Y (ritpg —ritgy) “)

p=1

1
Prq

subject to the constraint that all phase volume fractions sum to unity.
The momentum balance for the solid phase s, accounting for particle pressure and granular stresses,
reads:

a v Uy =4 —
E(asp sVs) + V- (0psVisVis) = — aVp —Vps+ V- T+ 04sps8
y X (5
+ Z (KZS (‘71 - ‘75) + mls‘_’;ls - mleClsl)
=1

+ (ﬁs + Fiift,s + ﬁwl.,s + ﬁvm,s + ﬁtd,s)

The rheological behaviour of the solid phase is described within the kinetic theory of granular
flows. By analogy with molecular motion in a gas, the random translational velocity of particles
arising from inter-particle collisions is characterised by a granular temperature ®; defined as one
third of the mean square of the particle velocity fluctuation. This quantity governs the effective
pressure, viscosity, and normal stresses of the solid phase, and accounts for the partially inelastic
nature of collisions. The granular temperature is solved as an additional transport equation coupled
to the solid-phase momentum balance ( Equation (5)).

The initial conditions are as follows: upper vessel — a mixture of CO; and solid Si particles at a
volume fraction of ¢ = 0.5%; lower vessel and channel — pure N; (¢ = 0).

No-slip conditions are imposed on all walls for the gas phase, and a particle adhesion condition
is applied for the solid phase. Pressure and temperature are held constant throughout the domain at
p=0.1 MPaand T = 300 K.

All simulations were carried out in a transient formulation with a time step of 1s over 1200
steps, covering 20 minutes of physical process time. A pressure-based coupled solver was employed,
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providing full pressure-velocity coupling within each iteration. Convective terms were discretised
using the Second Order Upwind scheme, while pressure interpolation relied on the PRESTO! scheme,
which delivers improved accuracy in the presence of body forces. Time integration was performed
with a second-order implicit scheme.

The computational mesh had a structured topology comprising 164 120 cells and 165974 nodes.
The minimum cell size in the channel region was set to 0.25 mm, ensuring adequate resolution of
local concentration and velocity gradients at the interphase boundaries. Convergence criteria were set
to 107 for the velocity and pressure fields and 10~8 for species concentrations and phase volume
fractions.

3. RESULTS AND DISCUSSION

Mixing in the CO, — Si— N, system at @ = 0.5% is strongly non-stationary and unfolds through a
succession of distinct stages that set the gas—aerosol system apart from purely gaseous mixing. Each
stage is examined below on the basis of spatial distributions of the dispersed phase and temporal
concentration profiles of the individual components.

Immediately after the partition is opened, Si particles initially distributed uniformly throughout
the upper vessel begin to settle under gravity. By ¢ ~ 40 — 50 s, virtually the entire dispersed phase
has accumulated into a thin layer along the bottom wall of the upper vessel. During this interval,
CO, starts to penetrate the lower vessel through the connecting channel, though the transfer rate
remains low and consistent with a diffusion-controlled regime. The temporal profile of the CO, mole
fraction in the lower vessel (Figure3 a) shows a slow, monotonic rise from zero to values on the order
of 0.002 — 0.003, characteristic of purely diffusive transport. The Si volume fraction in the lower
vessel (Figure3 b) stays essentially at zero throughout this period, as no particles have yet reached the
channel entrance. At this stage, therefore, the two phases evolve largely independently of one another
— the gas diffuses while the solid sediments.

As particles accumulate along the bottom wall of the upper vessel, the local mixture density in that
zone rises sharply, establishing a density inversion in which a heavier layer sits above the compara-
tively light gas in the lower vessel. This configuration satisfies the classical conditions for Rayleigh—
Taylor instability. Around ¢ ~ 100 — 105 s, a characteristic disturbance develops in the upper vessel:
the dense particle cluster that has built up near the bottom wall lifts upward and subsequently breaks
apart into numerous smaller fragments. On the CO; mole fraction profile (Figure3 a), the transition to
convective transport manifests as a pronounced increase in the slope of the curve near t ~ 100 — 105 s.
The Si volume fraction trace (Figure3 b) shows a sharp upward spike at the same moment, reflecting
the impulsive entrainment of dispersed-phase fragments into convective motion. This juncture marks
the crossover from diffusion-dominated to convection-dominated behaviour — a transition that occurs
at ¢ = 0.5% — a loading level at which any solid-phase influence would not be anticipated a priori,
and which constitutes one of the principal findings of this study.

Following cluster breakup, the dispersed-phase fragments are swept into the downward convec-
tive current and begin entering the connecting channel. By 7 ~ 220 — 270 s, particle flow through
the channel has reached a quasi-steady character. At this point, the CO; mole fraction in the lower
vessel (Figure3 a) has climbed to values in the range 0.08 — 0.10 — several times higher than would
be expected from purely diffusive transport over the same time interval. The Si volume fraction
(Figure3 b) over this period exhibits a series of decaying oscillations with an amplitude of approxi-
mately 0.002 — 0.003, each peak corresponding to a discrete pulse of particles arriving through the
channel. The contrast in phase kinetics at this stage is fundamental: CO, accumulates smoothly and
continuously, whereas Si arrives in intermittent bursts tied to individual convective events.
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Figure 2 — Spatial distribution of the Si particle volume fraction in the CO;, + 0.005 Si — N system at
p=0.1 MPa, T =300 K at successive time instants: a) f = 0 s — uniform distribution of the dispersed phase
throughout the upper vessel; b) t = 50 s — particle sedimentation onto the bottom wall of the upper vessel; c)

t = 105 s — onset of convective disturbance and breakup of the dispersed-phase cluster; d) t =255 s —

downward particle flow through the connecting channel; e) t = 280 s — formation of a teardrop-shaped
dispersed-phase structure in the lower vessel; ) # = 300 s — final distribution of particles along the bottom of

the lower vessel.

Upon reaching the lower vessel, the particle stream consolidates into a compact teardrop-shaped
structure of elevated local dispersed-phase concentration. Clearly resolved at t ~ 280 s (Figure 2c),
this morphology represents a direct signature of Rayleigh—Taylor instability in a gas—solid medium —
the solid-phase analogue of the density fingers characteristic of classical RT convection. By ¢ ~ 300 s,
the structure settles onto the floor of the lower vessel and spreads gradually across its surface. Beyond
t = 300 s, both concentration profiles enter a quasi-stationary regime: the CO, curve (Figure 3 a)
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continues to rise slowly, approaching an asymptotic value of approximately 0.10 —0.11, while the
Si trace (Figure3 b) levels off at around 0.004 — 0.005, reflecting near-complete displacement of the
dispersed phase into the lower vessel.

Taken together, these observations confirm that at ¢ = 0.5% the presence of the solid dispersed
phase qualitatively reshapes the mass transfer mechanism relative to a pure gas system. Particle ac-
cumulation at the bottom of the upper vessel generates sufficient local density stratification to exceed
the threshold for convective instability. The two phases respond to this instability in fundamentally
different ways: the gas phase undergoes a gradual, continuous acceleration in transport, whereas the
solid phase migrates through a sequence of discrete impulsive events, each linked to an individual
convective episode. This divergence reflects a deep asymmetry in the inertial properties of the two
phases and in the way each interacts with the gravitational field.

T 0110 —

E 0.100 ——

£ 0.0901 //’_'
5 0,080

0 20 400 600  sg0 1000 1200
Flow — time [s]

(a)

2 0,000 — N R
0 200 400 600 800 1000 1200
Flow — time [s]
(b)
Figure 3 — Temporal evolution of gas and solid particle concentrations in the CO, + 0.005Si — N, system at
p=0.1 MPa and T = 300 K: a) CO, mole fraction; b) Si volume fraction.

4. CONCLUSION

This study presented a numerical investigation of diffusion-convective mass transfer in the CO, —
Si— N, gas—aerosol system at a very low solid-phase volume fraction of ¢§ = 0.5% under isothermal
and isobaric conditions. Simulations were conducted in ANSYS Fluent using a combined approach
integrating the Species Transport equations with the Eulerian Multiphase Flow method.

The results establish that even at this low particle loading, the system behaves in a manner qual-
itatively distinct from a pure gas mixture. Gravitational settling of Si particles onto the bottom wall
of the upper vessel produces a local density inversion that, at r ~ 100 — 105 s, crosses the thresh-
old for convective instability and triggers a flow restructuring consistent with the Rayleigh—Taylor
mechanism. This transition is evidenced by a sharp acceleration in CO, gas-phase transport and
the appearance of pronounced oscillations in the Si volume fraction, indicative of intermittent, non-
stationary dispersed-phase migration. The formation of a teardrop-shaped solid-phase structure in the
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lower vessel at t ~ 280 s provides morphological confirmation of the RT instability.

A key outcome of this work is the demonstration that the two phases follow fundamentally dif-
ferent transport pathways: CO; is transferred smoothly and continuously via a diffusion-convective
mechanism, whereas Si migrates through a succession of discrete convective pulses. This diver-
gence stems from a deep asymmetry in the inertial characteristics of the phases and their respective
responses to the gravitational field.

The combined Species Transport and Eulerian Multiphase model proves applicable to diffusion-
convective processes in dilute gas—solid systems without recourse to empirical corrections. These
findings carry practical relevance for assessing conditions under which even trace concentrations of
a dispersed phase can substantially alter the mass transfer regime — notably in the design of experi-
ments targeting mutual diffusion coefficient measurements in gas—aerosol systems.

Future work should address a systematic parametric study across the range ¢ = 0 — 5% to identify
the critical loading ¢., below which solid-phase effects on gas-phase transport become negligible,
alongside extension of the model to three-dimensional geometry and incorporation of heat transfer
effects.
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Abstract. The resonant structure of the light nucleus ’Be in the é’He —i—% He cluster configu-
ration has been investigated within the framework of a microscopic two-cluster model employ-
ing the algebraic version of the resonating group method. Elastic scattering cross sections for
the reaction ZBe — ‘2‘He + gHe are calculated and the corresponding energy dependence is ob-
tained. The total elastic scattering cross sections are calculated using the modified nucleon—nucleon
Hasegawa—Nagata potential. The obtained resonance parameters for the available states %7, %7,
%_, and %7 are determined and compared with experimental data. The resonance parameters for
the %7 and %_ states are also obtained, indicating the presence of broad and narrow resonances,
which indicates the existence of both short-lived and long-lived states in the nuclear system under
study.

Keywords: cluster model, Resonating Group Method, resonance states, elastic scattering, nucleon—nucleon
interaction, modified Hasegawa—Nagata potential.

1. INTRODUCTION

Nuclear physics, as well as nuclear astrophysics, continues to consider the study of the structure of
light nuclei as one of its central and highly relevant problems. Light nuclear systems provide valuable
information about the properties of nuclear forces and the mechanisms of nuclear reactions. In par-
ticular, the investigation of resonance states in light nuclei plays an important role in understanding
the interaction between nuclear clusters and the dynamics of nuclear systems.

The "Be nucleus attracts considerable interest due to its cluster structure and its role in various
nuclear processes. Many theoretical and experimental studies have been devoted to the investigation
of its energy spectrum and resonance properties [1, 2, 3]. The cluster approach has proven to be an
effective tool for describing light nuclei, where the nucleus is considered as a system of interacting
clusters. Such models allow a physically transparent interpretation of the structure of nuclear states
and the nature of resonances [4, 5, 6, 7, 8, 9].

In particular, the "Be nucleus can be described within the two-cluster configuration ‘Z‘He + %He.
This configuration is especially suitable for studying the resonance structure and scattering processes
in this system. Various theoretical methods have been applied to analyze these states, including
the Resonating Group Method (RGM) [10]. In the present work the resonance structure of the 'Be
nucleus is investigated within the microscopic two-cluster model using the algebraic version of the
Resonating Group Method (AV RGM) [8, 11]. The resonance parameters for several negative-parity
states are determined and compared with available experimental data [3].
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2. THEORETICAL MODEL

To describe various bound and excited states of atomic nuclei in a microscopic two-cluster repre-
sentation, we apply the AV RGM. The full set of generator functions is used to describe the relative
motion of clusters both in connected states and in a continuum, which is a key feature of this method.

Within this approach, the wave function of a two-cluster system can be expressed in the following
form [12]:

W) = o {[1(A1)@2(A2)], Wis(@)} (1)

where ¢;(A;) is the internal wave function of the first cluster consisting of A; nucleons, and
¢>(A) is the internal wave function of the second cluster consisting of A, nucleons. Both functions
depend on the spatial, spin, and isospin coordinates of individual nucleons and are antisymmetric
with respect to permutations of nucleons within each cluster. In the RGM, these internal functions
are assumed to be known. In this approach, the wave function of a two-cluster system is constructed
using a complete set of generator functions, enabling the description of cluster relative motion in both
bound and continuum states. The function l//{s(ij) is a solution of the dynamical equation and depends
on the Jacobi coordinate vector ¢, which defines the relative distance between the clusters.

Within the algebraic version of the Resonating Group Method, the wave function l//is((?) is ex-
panded into an infinite series of three-dimensional harmonic oscillator functions y,z,(g,ro):

W@ =Y Cuwur(q,ro) 2)

n=ng

where C,;, are the expansion coefficients and ¢ is the magnitude of the Jacobi vector. The explicit
form of the oscillator functions W,z (q,rp) can be found in Ref. [12]. Since the oscillator functions
form an orthonormal basis, the wave function of any two-cluster system can be expanded in terms of
these functions.

Taking into account (1) and (2), within the algebraic version of the RGM the total wave function
of the two-cluster system can be represented as a generalized Fourier series:

Y=Y Cu¥u 3)

n=ny

This leads to the following system of algebraic equations for the expansion coefficients:

i [<ﬁL\ﬁ]ﬁ1L> - E6n7m} Cor =0 @)
m=ny

where H is the Hamiltonian of the nuclear system and E is the total energy. The function

W = {01 (A1) @2(A2) Wur (4. 5)Yim ()} 5)

represents the many-body oscillator function of the cluster system.

3. INTERACTION POTENTIAL

In the present work, the nucleon—nucleon interaction is described using the modified Hasegawa—Nagata
potential (MHNP) [13, 14].
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The MHNP provides a more detailed description of nucleon—nucleon interactions by including
central, spin—orbit, and Coulomb components. The Hamiltonian of the system is written as

H=T+V ©)

where the kinetic energy operator is defined in the center-of-mass frame.
The potential energy is represented as a sum of three contributions:

A A A
V=Y Va+ ¥ V) + Y V) @

j>i=1 j>i=1 j>i=1

where V() is the central interaction, V() is the spin—orbit interaction, and V(© is the Coulomb
interaction.
The central part of the interaction is expressed using spin—isospin projectors:

velipn =y ¥ Vz(gi)l,zﬂl("j)l%(ij)ﬁT(ij) ®)
§=0,1T=0,1

where S and T are the spin and isospin of the two-nucleon system.
The radial dependence of the nucleon—nucleon interaction depends on the spin and isospin chan-
nels and is represented as a superposition of Gaussian functions:

Ng
V) N (v.i) iy
Vasiiore(rij) = ZV25+172T+1 KPY T v ©
i=1 Ar5+1,27+1

(Vi) Vi . ) .
where V,¢ 1127 +10 92511 2741 AT the strength and range parameters of the interaction. The index

v specifies the type of interaction (central or spin—orbit).

4. RESULTS AND DISCUSSIONS

Within the cluster approximation, the "Be nucleus is considered as a two-cluster system:
JBe = 3He + 3He (10)

To perform all necessary calculations within the model, the oscillator length (b), which is the
only free parameter, is determined by minimizing the energy of the two-cluster threshold. To achieve
agreement with experimental data, the Majorana parameter Am is slightly adjusted.

The optimal values of the input parameters (oscillator length b and Majorana parameter Am) are
presented in Table 1.

Table 1. Input parameters used in the calculations

Nucleus | b, fm Am fLs
ZBe 1.362 | 0.0002 1.000

It was also found that the spin—orbit component of the modified Hasegawa—Nagata potential is
excessively strong and leads to nonphysical results. To avoid this issue, a scaling factor frg was
introduced for the spin—orbit interaction and treated as a variational parameter [14]. Let us consider
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the elastic scattering cross sections for the reaction ZBe — ‘Z‘He + %He for different nuclear states of
the "Be nucleus.

Figure 1 shows the energy dependence of the elastic scattering cross section obtained using the
MHNP.

As can be seen from Fig. 1, resonance states are observed for J* = %_ and J* = %7. This indicates
that the excitation of a neutron from the p3 , shell to the f5/, and f7, states leads to the formation of

resonance states.
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Figure 1 — Energy dependence of the elastic scattering cross section o for the reaction ZBe — gHe + %He
obtained with the MHNP.

The presence of narrow and broad resonances in the calculated cross sections reflects different

physical mechanisms. Narrow resonances, such as the %7 state, correspond to relatively long-lived
states with small decay widths, indicating a more stable configuration of the cluster system. On the

other hand, broad resonances, such as the %7 state, are characterized by larger widths and shorter
lifetimes, which indicates stronger coupling to the continuum. The resonances are observed within
a relatively narrow energy interval; therefore, the energy range from 0 to 10 MeV was considered

in the calculations. Depending on the resonance width I, the resonances can be classified as broad

or narrow. The J* = %7 state corresponds to a broad resonance with a width of I' = 2.452 MeV,

while the J* = %7 state exhibits a sharp peak with a width of I' = 0.012 MeV, indicating a narrow

resonance.

Table 2. presents the resonance parameters of the 'Be nucleus obtained using the modified
Hasegawa—Nagata potential, where E denotes the resonance energy, I is the resonance width, and
the experimental values are taken from reference [3].
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Table 2. Resonance parameters of the 'Be nucleus

Ju E,MeV | T',MeV E, MeV I, MeV
(MHNP) | (MHNP) (exp.) [3] (exp.) [3]

g 6.242 2.452 5.1434+0.10 1.2

; 1.709 0.012 298+50 | 0.175+7

The results also confirm that the %_ and %_ states correspond to bound states of the system. As
shown in Table 3, the good agreement of the calculated energies with experimental data, especially for
the modified Hasegawa—Nagata potential, confirms the validity of the %He + gHe cluster description
of the "Be nucleus.

Table 3. Bound states of the ’Be nucleus

Ve E,MeV | E,MeV
(MHNP) | (exp.) [3]

=

— —0.306 —

g_

— —1.587 —1.

> 58 588

Overall, the analysis shows that the spin—orbit interaction plays a crucial role in the correct de-
scription of resonance states in light nuclei, and its inclusion significantly improves the agreement
between theoretical and experimental results.

5. CONCLUSION

In this work, the resonance structure of the Be nucleus has been studied within the microscopic

two-cluster model using the gHe + %He configuration. The resonance states J* = %_ and J"* = %_

were identified, corresponding to broad and narrow resonances, respectively.

It was also shown that the J* = %_ and J* = %_ states are bound states, whose energies are in

good agreement with experimental data. The comparison of different nucleon—nucleon potentials
demonstrates that the modified Hasegawa—Nagata potential provides a more accurate description of
the system.

Overall, the results confirm the validity of the cluster approach for describing the structure of the
"Be nucleus.

REFERENCES

1. Toshitaka, K., M. Takehiro, and A. Akito. “Electromagnetic properties of 'Li and "Be in a cluster model.” 413, no. 2
(1984): 323-352.

2. Varga, K., Y. Suzuki, K. Arai, and Y. Ogawa. “Microscopic description of light unstable nuclei with the stochastic
variational method.” 616, no. 1 (1997): 383-393.

3. Tilley, D. R., C. M. Cheves, J. L. Godwin, G. M. Hale, H. M. Hofmann, J. H. Kelley, C. G. Sheu, and H. R. Weller.
“Energy levels of light nuclei /A=5, 6, 7.” 708, no. 1 (2002): 3—163.

Wildermuth, K. and W. McClure. Cluster Representations of Nuclei. 1966, 41.

5. Fujiwara, Y., H. Horiuchi, K. Ikeda, M. Kamimura, K. Kato, Y. Suzuki, and E. Uegaki. “Chapter II. \Comprehensive
Study of Alpha-Nuclei.” Progress of Theoretical Physics Supplement 68 (1980): 29-192.

International Journal of Advanced Physics and Astronomy Ne1(1), 2026 Int. J. Adv. Phys. and Astr. (Online)



RESONANCE STRUCTURE OF THE "Be NUCLEUS. 43

10.

11.

12.

13.
14.

Horiuchi, H., K. Ikeda, and Y. Suzuki. “Chapter III. Molecule-Like structures in nuclear system.” Progress of Theo-
retical Physics Supplement 52 (1972): 89—-172.

Horiuchi, H. and K. Ikeda. “Cluster model of the nucleus.”In , edited by Y. Akaishi, S. A. Chin, and K. Ikeda, 258.
World Scientific, 1987.

Filippov, G. F. and I. Okhrimenko. “Use of an oscillator basis for solving continuum problems.” Soviet Journal of
Nuclear Physics 32 (1981): 480—484, (in Russ.).

Filippov, G. F., V. S. Vasilevsky, and L. L. Chopovsky. “Solution of problems in the microscopic theory of the nucleus
using the technique of generalized coherent states.” Soviet Journal of Particles and Nuclei 16 (1985): 153-177, (in
Russ.).

Wheeler, J. A. “On the mathematical description of light nuclei by the method of resonating group structure.” Physical
Review 52 (1937): 1107-1122.

Filippov, G. F. “On taking into account correct asymptotic behavior in oscillator-basis expansions.” Soviet Journal of
Nuclear Physics 33 (1981): 488-489, (in Russ.).

Lashko, Y., G. Filippov, and V. Vasilevsky. “Dynamics of two-cluster systems in phase space.” Nuclear Physics A
941 (2015): 121-144.

Hasegawa, A. and S. Nagata. “Ground state of °Li.” Progress of Theoretical Physics 45 (1971): 1786-1807.

Tanabe, F., A. Tohsaki, and R. Tamagaki. “a-o scattering at intermediate energies.” Progress of Theoretical Physics
53 (1975): 677-691.

Information about authors

Venera Kurmangaliyeva — Candidate of Physical and Mathematical Sciences, Associate Professor, Faculty of Physics and Technology,
Al-Farabi Kazakh National University, Almaty, Kazakhstan. e-mail: venera_baggi@mail.ru,

Orazbay Agyl-Mussapar — PhD Student, Faculty of Physics and Technology, Al-Farabi Kazakh National University, Almaty, Kaza-
khstan. e-mail: oagilmuzaffar@ gmail.com,

Nursultan Kalzhigitov — PhD, Faculty of Physics and Technology, Al-Farabi Kazakh National University, Almaty, Kazakhstan. e-mail:
knurtol @ gmail.com,

Bekarys Massak — PhD Student, Faculty of Physics and Technology, Al-Farabi Kazakh National University, Almaty, Kazakhstan.
e-mail: bekarysbereketov@ gmail.com,

Sabina Amangeldinova — PhD Student, Faculty of Physics and Technology, Al-Farabi Kazakh National University, Almaty, Kazakhstan.
e-mail: sabinaa247 @ gmail.com.

Int. J. Adv. Phys. and Astr. (Online) International Journal of Advanced Physics and Astronomy Ne1(1), 2026



International Journal of Advanced Physics and Astronomy, Nel (1), 2026

IRSTI 44.39.29 https://doi.org/10.51889/1JAPA.2026.1.1.005

DEVELOPMENT OF AN EXCITATION CONTROL ALGORITHM FOR
INCREASING THE EFFICIENCY OF SMALL WIND TURBINE GENERATORS

F.N. Bulatbayev' *, Y.F. Bulatbayeva' ~and A.M. Bolatov!"

U Abylkas Saginov Karaganda Technical University, Karaganda, Kazakhstan

*Corresponding Author: abylabolatov@ gmail.com
Received 18 May 2026, Accepted 4 June 2026

Abstract. This paper presents the development and investigation of an excitation-current-based
control approach for improving voltage stabilization and operating performance of a small-scale
wind energy conversion system operating under variable wind speed conditions. The proposed sys-
tem employs a synchronous generator with regulated excitation integrated into a subsystem-oriented
MATLAB/Simulink simulation model intended for analysis of aerodynamic and electromechanical
operating processes. A mathematical model of the wind energy conversion system was developed
considering aerodynamic power conversion, synchronous generator electromechanical dynamics,
excitation current regulation, and electrical loading conditions. A PI/PID-based excitation control
algorithm was implemented for continuous adjustment of excitation current according to gener-
ator terminal voltage deviations under transient wind operating modes. Simulation studies were
performed under different wind speed and loading conditions in order to investigate generated volt-
age, electrical power, excitation current, and rotor rotational speed characteristics. The obtained
results demonstrated that excitation-current regulation improves voltage stabilization performance,
reduces transient voltage oscillations, and enhances operating stability of the generating system
under stochastic wind disturbances. The developed control approach also improved adaptation of
the synchronous generator to variable mechanical loading conditions and reduced the influence of
aerodynamic disturbances on electromechanical operating behavior. The proposed excitation-based
regulation method represents a practically applicable and comparatively low-complexity approach
for improving the operating efficiency and voltage stabilization characteristics of small-scale wind
energy conversion systems.

Keywords: Wind energy conversion system; synchronous generator; excitation current control; voltage
stabilization; MATLAB/Simulink; PID controller; small-scale wind turbine.

1. INTRODUCTION

The rapid development of renewable energy technologies has significantly increased the role of
wind energy in modern electrical power systems. According to the Global Wind Report 2025, 117
GW of new wind power capacity was installed worldwide in 2024, increasing the cumulative global
wind capacity to 1136 GW [1]. The continuous growth of renewable energy capacity demonstrates
the increasing importance of environmentally sustainable and low-carbon electricity generation tech-
nologies in the global energy sector [2].

Modern wind energy conversion systems are considered among the most promising technolo-
gies for distributed and autonomous electricity generation. Wind energy is widely available in many
regions of the world and possesses considerable long-term potential for sustainable power supply ap-
plications [3]. Regions characterized by favorable wind conditions are especially attractive for the
deployment of small-scale and autonomous wind power systems operating independently or as part
of hybrid renewable energy complexes [4].

The operational efficiency of wind turbine generators strongly depends on wind speed condi-
tions. The stochastic nature of wind flow causes fluctuations in turbine rotational speed and generated
electrical power, which negatively affect the stability and operating characteristics of wind energy
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conversion systems [5]. In practical operating conditions, unstable wind speed may lead to volt-
age fluctuations, deterioration of generated power quality, and reduction of electromechanical energy
conversion efficiency [6]. In addition, stable operation of wind turbine generators under continuously
changing mechanical loads remains one of the important engineering problems in modern wind power
systems [7].

Various generator configurations are currently applied in wind energy conversion systems, includ-
ing synchronous and induction generator systems [8]. Variable-speed wind turbine generators provide
improved operational flexibility and more efficient adaptation to changing wind conditions compared
with fixed-speed operating systems [9]. The application of synchronous and induction generators
in wind turbine systems makes it possible to improve the regulation characteristics and operational
efficiency of electrical power generation under variable operating conditions [10].

One of the promising approaches for improving the operating characteristics of wind turbine gen-
erators is the application of excitation current control systems. Regulation of generator excitation
allows stabilization of operating modes, improvement of voltage characteristics, and enhancement of
power generation efficiency under variable wind speed conditions. However, maintaining stable op-
erating characteristics of small-scale wind energy conversion systems under continuously changing
aerodynamic conditions remains a significant engineering challenge.

The main contribution of this study consists in the development of an excitation-current-based
control structure for improving voltage stabilization and operational stability of a small-scale wind
energy conversion system under variable wind speed conditions. In contrast to conventional fixed-
excitation operating approaches, the proposed system employs continuous excitation current regula-
tion of a synchronous generator integrated into a subsystem-oriented MATLAB/Simulink model of
the wind energy conversion system. The developed approach enables investigation of the interaction
between aerodynamic disturbances, generator electromechanical operating behavior, and excitation-
based voltage stabilization processes under transient wind operating conditions.

The aim of this study is to develop and investigate an excitation control algorithm for a syn-
chronous generator with regulated excitation in order to improve the efficiency and operational stabil-
ity of a small-scale wind energy conversion system operating under variable wind speed conditions.

2. SYSTEM DESCRIPTION AND MATHEMATICAL MODEL

2.1. Structure of the Wind Energy Conversion System

The developed wind energy conversion system is based on the application of a synchronous gener-
ator with regulated excitation operating under variable wind speed conditions. The general functional
structure of the proposed system includes a wind turbine, a synchronous generator, an excitation
control system, a rectifier unit, a DC link, and an electrical load, as shown in Figure 1.

The wind turbine converts the kinetic energy of the airflow into mechanical rotational energy
transmitted to the generator shaft. Variations in wind speed cause continuous changes in the rota-
tional speed and electromagnetic operating conditions of the generating system. Under such operating
conditions, stable voltage regulation and maintenance of generator operating characteristics become
important tasks for small-scale wind energy systems.

Excitation systems of synchronous machines include excitation control elements, voltage mea-
surement units, excitation regulation subsystems and additional stabilizing components that ensure
stable operation of the synchronous machine in dynamic operating modes [11]. The excitation system
structure is formed using voltage feedback signals obtained from the generator terminal conditions
and excitation regulating elements responsible for the stabilization of generator operating modes.

The excitation control subsystem performs regulation of the generator magnetic field by control-
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Figure 1 — Functional structure of the proposed wind energy conversion system

ling the excitation current supplied to the field winding of the synchronous generator. Regulation of
the excitation current allows stabilization of generator terminal voltage and improvement of operat-
ing characteristics under continuously changing mechanical loading conditions caused by wind speed
fluctuations.

According to IEEE excitation system representation principles, excitation control structures may
include voltage transducers, excitation regulators, stabilizing elements, and supplementary feedback
loops used for maintaining stable synchronous machine operation under transient operating conditions
[11]. In the proposed wind energy conversion system, voltage feedback from the generator output is
used as the main control signal for excitation current regulation.

The electrical energy generated by the synchronous generator is transferred through a rectifier
and DC link to the electrical load. The developed system structure provides the possibility of in-
vestigating the influence of excitation current regulation on voltage stabilization, generated power
characteristics, and operational efficiency of the wind energy conversion system under variable wind
speed conditions.

2.2. Synchronous Generator with Regulated Excitation

The operating performance of small-scale wind energy conversion systems is strongly influenced
by variable wind speed conditions causing continuous changes in turbine rotational speed and gen-
erator electromechanical operating modes. Under such conditions, conventional generating systems
operating without effective excitation regulation may experience voltage instability, deterioration of
generated power characteristics, and reduction of energy conversion efficiency.

In synchronous generators, the electromagnetic operating state is determined by the interaction
between the rotor magnetic field and stator electromagnetic processes. The magnetic field of the rotor
is created by the excitation winding supplied with direct current, while the generated electromotive
force depends on the excitation current magnitude and magnetic flux distribution inside the machine
[12]. Therefore, excitation current variation directly influences generator terminal voltage, reactive
power characteristics, and dynamic operating behavior.

One of the important advantages of synchronous generators in wind energy applications is the
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possibility of active control of electromagnetic operating conditions through excitation current regu-
lation. Unlike fixed-excitation operating modes, regulated excitation systems allow adaptation of gen-
erator operating characteristics to continuously changing wind conditions. Under variable mechanical
torque conditions caused by wind speed fluctuations, excitation regulation provides compensation of
voltage deviations and improves stabilization of generator operating parameters.

According to modern excitation control principles, excitation systems play an important role not
only in voltage regulation but also in maintaining electromechanical stability and improving tran-
sient operating performance of synchronous generating systems [12]. Fast excitation response allows
the generating system to maintain more stable operating conditions during disturbances and rapidly
changing mechanical loading modes.

For small-scale wind energy systems, the application of regulated excitation becomes especially
important due to the stochastic nature of wind flow and increased sensitivity of low-power systems to
voltage fluctuations. In such operating conditions, excitation current control may significantly influ-
ence voltage stabilization characteristics and the overall efficiency of electrical energy conversion.

Therefore, in the proposed wind energy conversion system, a synchronous generator with reg-
ulated excitation is used as the main generating unit. The excitation subsystem performs continu-
ous excitation current adjustment according to generator operating conditions, providing improved
voltage stabilization and more stable operation of the generating system under variable wind speed
conditions.

2.3. Mathematical Model of the Wind Turbine Generator

The mathematical model of the developed wind energy conversion system is based on the elec-
tromechanical relationships describing the interaction between the wind turbine mechanical subsys-
tem and the synchronous generator electromagnetic subsystem. The developed model is intended for
investigation of the influence of excitation current regulation on voltage stabilization and operating
characteristics of the generating system under variable wind speed conditions.

The mechanical power extracted from the wind flow by the wind turbine is determined by the
following expression:

Pu= 5PARCy(1,5) n

where P, is the mechanical power of the wind turbine, p is the air density, A is the turbine swept
area, vy, is the wind speed, and C,,(A, B) is the aerodynamic power coefficient of the wind turbine.

According to (1), the generated mechanical power strongly depends on wind speed variations due
to the cubic relationship between wind velocity and extracted aerodynamic power. Therefore, changes
in wind speed directly influence the mechanical torque transmitted to the synchronous generator shaft
and affect the electromechanical operating conditions of the generating system.

The electromechanical dynamics of the synchronous generator are determined by the balance be-
tween the mechanical torque produced by the wind turbine and the electromagnetic torque developed
by the generator. According to synchronous machine dynamic principles, the rotor motion equation
may be represented as follows [13]:

dw
JE:Tm—Te—Ba) (2)
where J is the rotor moment of inertia, @ is the angular rotational speed, 7;, is the mechanical
torque produced by the wind turbine, 7, is the electromagnetic torque of the synchronous generator,

and B is the damping coefficient.
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Under variable wind speed conditions, fluctuations of the mechanical torque lead to changes in
rotor speed and generator electromechanical operating parameters. Such operating conditions may
cause voltage instability and deterioration of generated power characteristics, especially in small-
scale wind energy systems operating under continuously changing mechanical loading conditions.

The generated electromotive force of the synchronous generator depends on the magnetic flux
created by the excitation system and rotor rotational speed. The relationship between generated elec-
tromotive force and excitation conditions may be expressed as:

E =kdw 3)

where E is the generated electromotive force, k is the machine constant, ® is the magnetic flux
created by the excitation winding, and ® is the angular rotational speed of the rotor.

According to (3), excitation current variation directly affects the magnetic flux of the synchronous
generator and influences the generated electromotive force and terminal voltage characteristics. There-
fore, excitation current regulation becomes one of the main control mechanisms for stabilization of
generator operating conditions under variable wind speed modes.

The developed mathematical relationships form the basis for implementation of the excitation
control algorithm and further simulation studies of the wind energy conversion system in the MAT-
LAB/Simulink environment.

2.4. Excitation System Model

The excitation system developed for the proposed wind energy conversion system is intended
for continuous regulation of the synchronous generator excitation current under variable wind speed
operating conditions. The excitation subsystem performs stabilization of generator operating char-
acteristics by controlling the magnetic field of the synchronous generator according to changes in
generator terminal voltage and electromechanical operating conditions.

In the developed model, the generator terminal voltage is used as the main feedback signal for
the excitation control subsystem. Variations in wind speed and mechanical loading conditions cause
changes in generator operating parameters and voltage characteristics. The excitation control sub-
system continuously monitors generator voltage conditions and forms the required excitation control
action for stabilization of the generating system operating mode.

The excitation control process is based on continuous adjustment of the excitation current supplied
to the rotor field winding of the synchronous generator. Under reduced generator terminal voltage
conditions, the excitation subsystem increases the excitation current to strengthen the magnetic field
and compensate voltage deviations. Conversely, under increased voltage conditions, the excitation
current is reduced to maintain stable generator operating characteristics.

The developed excitation system model provides adaptive response of the generating system to
continuously changing wind speed conditions and electromechanical operating modes. Excitation
current regulation improves voltage stabilization characteristics and reduces the influence of wind
speed fluctuations on generator operating performance.

The developed excitation subsystem is integrated into the mathematical model of the wind energy
conversion system and forms the basis for implementation of the excitation control algorithm in the
MATLAB/Simulink environment. The proposed excitation system structure provides the possibil-
ity of investigating the influence of excitation current regulation on generated voltage stability and
operational efficiency of the small-scale wind energy conversion system.
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3. EXCITATION CONTROL ALGORITHM

3.1. Principles of Excitation Current Regulation

One of the main operating challenges of small-scale wind energy conversion systems is the insta-
bility of generator operating conditions under variable wind speed modes. Wind speed fluctuations
continuously affect turbine rotational speed and mechanical torque transmitted to the synchronous
generator shaft, resulting in variations of generator voltage and generated electrical power. Under
such operating conditions, maintaining stable voltage characteristics becomes one of the key tasks of
the generating system control process.

In synchronous generators, the excitation current directly determines the rotor magnetic flux and
significantly influences the generated electromotive force and terminal voltage characteristics. There-
fore, excitation current regulation may be used as an effective control mechanism for stabilization of
generator operating conditions under continuously changing wind energy input conditions [14].

Unlike fixed-excitation operating modes, regulated excitation systems provide adaptive adjust-
ment of generator electromagnetic operating parameters according to changes in generator terminal
voltage and electromechanical operating conditions. In modern wind energy systems, excitation cur-
rent regulation is considered one of the important approaches for improving voltage stabilization
characteristics and increasing operational stability under transient operating modes.

The proposed control approach is based on continuous monitoring of generator terminal volt-
age and dynamic adjustment of excitation current according to voltage deviation conditions. Under
reduced voltage conditions caused by decreasing wind speed or increased loading, the excitation sub-
system increases excitation current in order to strengthen the rotor magnetic field and compensate
voltage deviations. Conversely, under increased voltage conditions, the excitation current is reduced
to maintain stable operating parameters of the generating system.

The excitation control process forms a closed-loop regulation structure in which generator termi-
nal voltage acts as the feedback signal for the excitation controller. Such a control structure allows
continuous correction of excitation operating conditions according to changes in generator electrome-
chanical parameters and wind operating modes [14]. The excitation control subsystem operates ac-
cording to the closed-loop control principle in which the generator terminal voltage is continuously
compared with the reference voltage value. The resulting voltage error signal is processed by the
excitation controller to generate the required excitation current correction signal. According to PID-
based control principles, the proportional component provides fast response to voltage deviations,
the integral component reduces steady-state regulation error, and the derivative component improves
transient operating performance and damping characteristics [15].

The proposed excitation control approach is focused on minimizing voltage deviations and im-
proving transient operating performance of the generating system during wind speed disturbances.
The controller continuously adjusts the excitation current in order to reduce dynamic voltage os-
cillations, improve response speed, and maintain stable generator terminal voltage under variable
operating conditions. Particular attention is given to reducing steady-state regulation error and im-
proving stability of the generating system during rapidly changing wind modes. The application of
PID-based excitation current regulation allows the generating system to dynamically compensate volt-
age deviations caused by continuously changing wind conditions and improve voltage stabilization
performance under transient operating modes. In the proposed wind energy conversion system, exci-
tation current regulation is used not only for voltage stabilization but also for improving the dynamic
operating performance and operational efficiency of the generating system under variable wind speed
conditions.
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3.2. PI/PID-Based Control Algorithm

The proposed excitation control algorithm is developed for stabilization of synchronous generator
operating conditions under variable wind speed modes in a small-scale wind energy conversion sys-
tem. The control approach is based on continuous regulation of the excitation current according to
generator terminal voltage deviations and dynamic operating conditions of the generating system.

In the proposed control structure, the generator terminal voltage is continuously measured and
compared with the predefined reference voltage value. The resulting voltage deviation signal is used
as the input parameter for the excitation controller. According to the developed control logic, the exci-
tation subsystem dynamically adjusts the excitation current in order to compensate voltage deviations
caused by fluctuations of wind speed and mechanical loading conditions.

The developed excitation control algorithm employs a PID-based regulation structure due to its
relatively simple implementation, high operational reliability, and effective dynamic response charac-
teristics under continuously changing operating conditions [16]. The proportional component of the
controller provides rapid response to voltage deviations, the integral component minimizes steady-
state regulation error, and the derivative component improves damping characteristics and transient
operating stability of the generating system.

The proposed control algorithm operates according to a closed-loop excitation current regulation
principle. Under decreasing generator terminal voltage conditions, the controller increases excitation
current supplied to the rotor winding in order to strengthen the magnetic field and compensate volt-
age reduction. Conversely, under increasing voltage conditions, the excitation current is reduced to
maintain stable operating characteristics of the synchronous generator.

Unlike conventional fixed-excitation operating modes, the proposed excitation regulation ap-
proach provides continuous adaptation of generator electromagnetic operating parameters according
to changing wind conditions. Such an operating principle improves voltage stabilization performance
and reduces the influence of transient wind disturbances on generator operating conditions [17].

In the developed control structure, excitation current is used as the main control parameter of the
synchronous generator operating process. The application of excitation-current-based regulation al-
lows stabilization of generator terminal voltage without the need for complicated converter structures
and high-power control equipment. Such an approach is especially important for small-scale wind
energy systems where system simplicity, operational reliability, and reduced control complexity are
significant engineering requirements [18].

The proposed excitation control algorithm is intended for implementation in the MATLAB/Simulink
environment for further investigation of voltage stabilization characteristics and dynamic operating
performance of the generating system under variable wind speed conditions.

3.3. Control Structure under Variable Wind Speed Conditions

The operating performance of the developed wind energy conversion system is strongly influenced
by continuously changing wind speed conditions causing dynamic variations of turbine rotational
speed, mechanical torque, and synchronous generator operating parameters. Under such operating
conditions, the excitation control subsystem continuously adapts the generator excitation current in
order to maintain stable voltage characteristics and improve operating stability of the generating sys-
tem.

The proposed control system operates according to a closed-loop voltage stabilization principle.
During generator operation, the terminal voltage is continuously monitored and compared with the
predefined reference voltage value. Variations caused by wind speed disturbances or changing loading
conditions produce a voltage deviation signal that is processed by the excitation controller. Based
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on the generated control signal, the excitation subsystem dynamically adjusts the excitation current
supplied to the rotor winding of the synchronous generator.

Under increasing wind speed conditions, the mechanical power transmitted to the generator in-
creases, causing changes in generator electromagnetic operating parameters and terminal voltage
characteristics. In such operating modes, the proposed control algorithm performs continuous cor-
rection of excitation current in order to prevent excessive voltage deviations and maintain stable op-
erating conditions of the generating system.

Under decreasing wind speed conditions, generator terminal voltage may decrease due to reduc-
tion of mechanical torque and generator rotational speed. In this case, the excitation controller in-
creases the excitation current to strengthen the rotor magnetic field and compensate voltage reduction.
Such an operating principle improves voltage stabilization performance and reduces the influence of
transient wind disturbances on generator operating conditions.

The proposed control system continuously adapts excitation operating parameters according to
changing electromechanical operating modes of the synchronous generator. The closed-loop excita-
tion regulation structure provides improved dynamic response characteristics and reduces steady-state
voltage regulation error under variable wind speed conditions [19].

Particular attention in the developed control approach is given to stabilization of transient oper-
ating performance during rapidly changing wind conditions. The proposed excitation control logic
allows reduction of dynamic voltage oscillations and improves damping characteristics of the gener-
ating system under electromechanical disturbances. Continuous excitation current correction also im-
proves operational stability of the synchronous generator during variable mechanical loading modes
[20].

The developed operating logic of the excitation control system forms the basis for further simu-
lation studies of voltage stabilization characteristics and dynamic operating behavior of the proposed
wind energy conversion system in the MATLAB/Simulink environment.

4. MATLAB/SIMULINK MODELING AND DYNAMIC ANALYSIS
4.1. MATLAB/Simulink Model of the Proposed Wind Energy Conversion System

The developed wind energy conversion system was implemented in the MATLAB/Simulink envi-
ronment using a subsystem-based modeling approach for investigation of aerodynamic and electrome-
chanical operating processes in a small-scale wind energy conversion system [21]. The proposed
simulation model includes interconnected subsystems representing the wind turbine, aerodynamic
conversion process, and synchronous generator operating subsystem.

Figure 2 presents the general MATLAB/Simulink structure of the proposed wind energy conver-
sion system. The developed model consists of aerodynamic and electrical subsystems interconnected
through the electromechanical energy conversion process. Mechanical power generated by the wind
turbine subsystem is transferred to the synchronous generator subsystem, where electrical energy con-
version and operating parameter calculations are performed. The developed model structure enables
investigation of voltage characteristics, generated power, rotational speed behavior, and dynamic op-
erating response of the system under variable wind conditions.

The wind turbine aerodynamic subsystem shown in Figure 3. performs calculation of the main
aerodynamic operating parameters of the wind energy conversion system. The subsystem determines
the mechanical power and mechanical torque generated by the wind turbine according to wind speed,
turbine rotational speed, and aerodynamic operating conditions. The developed subsystem structure
enables investigation of transient aerodynamic operating behavior under changing wind conditions
and variable turbine operating modes.
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[E

Figure 2 — General MATLAB/Simulink model of the proposed wind energy conversion system

The aerodynamic efficiency of the wind turbine is determined according to the aerodynamic power
coefficient C,,(A4, B), which depends on the tip-speed ratio A and blade pitch angle . The correspond-
ing aerodynamic power coefficient subsystem is discussed in subsection 4.2.

The electrical energy conversion process is performed by the synchronous generator subsystem,
which calculates the main electrical operating parameters of the generating system. The correspond-
ing synchronous generator subsystem model and dynamic electrical operating characteristics are dis-
cussed in subsection 4.3.

The developed MATLAB/Simulink model provides an integrated simulation platform for further
investigation of dynamic operating characteristics and voltage stabilization processes in the proposed
wind energy conversion system. The subsystem-based structure of the model also enables implemen-
tation and investigation of excitation-current-based control approaches under variable wind operating
conditions [22].

4.2. Simulation Parameters and Operating Conditions

The simulation studies of the proposed wind energy conversion system were performed in the
MATLAB/Simulink environment under variable aerodynamic and electromechanical operating con-
ditions in order to investigate the dynamic operating behavior of the generating system [23]. Particular
attention was given to investigation of voltage characteristics, generated electrical power, and rota-
tional speed response under changing wind operating modes.

The aerodynamic operating characteristics of the wind turbine were determined according to the
aerodynamic power coefficient C,(A,f), which depends on the tip-speed ratio A and blade pitch
angle . Figure 4 presents the developed aecrodynamic power coefficient subsystem implemented in
the MATLAB/Simulink environment. The subsystem performs nonlinear calculation of aerodynamic
operating efficiency according to changing turbine operating conditions and wind speed variations.
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The aerodynamic power extracted from the wind flow was determined according to the wind
turbine power relationship presented in 1, where the aerodynamic power coefficient depends on the
tip-speed ratio and blade pitch angle [23].

During the simulation process, variable wind speed conditions were applied in order to investigate
transient operating characteristics of the wind energy conversion system under changing aerodynamic
operating modes. The blade pitch angle B was considered constant during the simulation studies,
while the tip-speed ratio A varied according to turbine rotational speed and wind velocity changes.

The developed simulation model also included operating parameters associated with the syn-
chronous generator, including generated voltage, electrical power, and rotational speed characteristics.
The simulation conditions enabled investigation of the interaction between aerodynamic operating
processes and electrical energy conversion under transient wind disturbances.

The MATLAB/Simulink simulation environment provided the possibility for dynamic investi-
gation of operating stability and voltage stabilization characteristics of the proposed wind energy
conversion system under variable wind conditions.
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4.3. Dynamic Operating Characteristics of the Proposed WECS

The dynamic operating characteristics of the proposed wind energy conversion system were in-
vestigated using the developed MATLAB/Simulink model under variable wind operating conditions.
Particular attention was given to the analysis of transient voltage response, electromechanical op-
erating stability, and the influence of excitation-current regulation on the dynamic behavior of the
synchronous generator subsystem [24].

Figure 5. presents the developed synchronous generator subsystem implemented in the MAT-
LAB/Simulink environment. The subsystem performs calculation of generated voltage, electrical
power, generated current, and rotor rotational speed during transient operating conditions. The devel-
oped model structure enables investigation of the electromechanical interaction between aerodynamic
power variation and electrical energy conversion processes in the generating system.
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Figure 5 — Synchronous generator electrical subsystem model

Under variable wind speed conditions, fluctuations of aerodynamic input power produce corre-
sponding variations in turbine mechanical torque and rotor rotational speed. These disturbances di-
rectly affect the electromagnetic operating state of the synchronous generator and may lead to tran-
sient voltage deviations and oscillatory operating behavior during rapidly changing wind conditions.
The transient voltage response of the proposed wind energy conversion system obtained during sim-
ulation studies is presented in Figure 6. The simulation results demonstrate the dynamic voltage
stabilization characteristics of the synchronous generator subsystem under changing wind operating
conditions.

Figure 6. shows that transient changes in aerodynamic input power produce corresponding volt-
age deviations and oscillatory electromechanical response of the generating system. During rapidly
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Figure 6 — Generator terminal voltage response under transient wind operating conditions

changing wind operating modes, imbalance between turbine mechanical power and generator electro-
magnetic operating conditions causes temporary voltage instability and dynamic disturbances in the
synchronous generator subsystem.

The obtained simulation results demonstrated that excitation-current regulation improves voltage
stabilization performance and enhances the transient operating response of the generating system.
Continuous adjustment of excitation current enabled dynamic compensation of voltage deviations
caused by variations in turbine rotational speed and aerodynamic power fluctuations. As a result, the
proposed excitation control structure reduced transient voltage oscillations and improved damping
characteristics during electromechanical disturbances.

The performed simulation analysis confirmed that excitation-current-based regulation improves
adaptation of the synchronous generator to variable mechanical operating conditions and enhances
operating stability under stochastic wind disturbances. The developed MATLAB/Simulink model can
therefore be effectively used for investigation of transient electromechanical processes and dynamic
voltage stabilization characteristics in small-scale wind energy conversion systems.

4.4. Analysis of Voltage Stabilization Performance

Analysis of the simulation results demonstrated that the operating characteristics of the proposed
wind energy conversion system strongly depend on the interaction between aerodynamic operating
conditions and synchronous generator electromechanical response. Variations in wind speed directly
influence turbine rotational speed, generated electrical power, excitation current, and voltage stabi-
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lization characteristics of the generating system.

The generated power characteristics of the proposed wind energy conversion system under differ-
ent wind speed conditions are presented in Figure 7. The obtained simulation results demonstrate the

nonlinear relationship between turbine rotational speed and generated electrical power under chang-
ing aerodynamic operating modes.

Generated Electrical Power Characteristics Under Different Wind Speed Conditions
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Figure 7 — Generated electrical power characteristics under different wind speed conditions

As shown in Figure 7, increasing wind speed significantly affects the generated electrical power
and operating range of the wind energy conversion system. Under higher wind speed conditions,
the turbine produces increased mechanical power, resulting in higher generator rotational speed and
increased electrical power generation. The obtained characteristics also demonstrate the strong de-
pendence of generated electrical power on aerodynamic operating conditions and turbine rotational
speed variation.

The main simulation results of the proposed wind energy conversion system obtained under dif-
ferent wind speed and loading conditions are presented in Table 1.

The obtained simulation data demonstrate that variations in wind speed and electrical loading
conditions significantly influence generator voltage, excitation current, generated electrical power,
and rotor rotational speed characteristics. Under increased wind speed conditions, the generated
electrical power and generator voltage increase due to higher aerodynamic input power transmitted to
the synchronous generator subsystem.

The performed simulation analysis also showed that electrical loading conditions strongly affect
the electromechanical operating characteristics of the generating system. Under reduced load resis-
tance conditions, the generated electrical power increases while rotor rotational speed decreases due
to increased electromagnetic loading of the synchronous generator. At the same time, excitation-
current regulation improves stabilization of generator operating parameters and reduces the influence
of transient aerodynamic disturbances on voltage response characteristics.

The obtained results confirm that excitation-current-based regulation represents an effective ap-
proach for improving voltage stabilization performance and operating efficiency of small-scale wind
energy conversion systems under variable wind operating conditions. The developed MATLAB/Simulink
model can therefore be effectively used for further investigation of advanced excitation control ap-
proaches and adaptive operating strategies for distributed renewable energy systems.
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Table 1. Simulation results under different wind speed conditions

R ‘ Usf ‘ Isf ‘ P ‘ Myt
Vs Sm/s

1000 36,19 | 0,03618 | 3,94 | 172,6
500 35,98 | 0,07196 | 7,727 | 172,4
100 3594 | 0,3594 | 38,74 | 171,2
10 3456 | 3,563 351,9 | 160,3
1 24,25 24,25 1907 | 96,46
Vivs 10 m/s

1000 72,34 | 0,07234 | 15,69 | 345,3
500 72,31 | 0,1446 | 31,37 | 346,1
100 72,16 | 0,7217 | 156,3 | 344
10 71,28 | 7,128 1526 | 333,8
1 43,83 | 43,83 5735 | 167,1
Vis 15 m/s

1000 108,5 | 0,1085 | 35,32 | 518
500 108,5 | 0,2169 | 70,6 | 517,8
100 108,4 1,084 | 352,8 | 516,8
10 107,4 10,73 3457 | 502,3
1 52,66 | 52,66 8319 | 201,2
Vivs 20 m/s

1000 169,5 | 0,1693 | 86,07 | 809
500 169,1 | 0,2893 | 125,6 | 690,6
100 1447 1,447 | 628,2 | 689,5
10 140,6 14,07 5937 | 658,1
1 58,38 | 58,37 8124 | 223

5. CONCLUSION

This paper presented the development and investigation of an excitation-current-based control ap-
proach for improving voltage stabilization and operating performance of a small-scale wind energy
conversion system operating under variable wind speed conditions. The proposed system was devel-
oped using a synchronous generator with regulated excitation integrated into a MATLAB/Simulink-
based electromechanical simulation model intended for investigation of transient aerodynamic and
electrical operating processes.

A subsystem-oriented mathematical and simulation model of the wind energy conversion system
was developed, including aerodynamic power conversion, synchronous generator dynamics, excita-
tion regulation, and electrical loading processes. The developed model enabled investigation of the
interaction between aerodynamic disturbances, turbine mechanical operating conditions, and syn-
chronous generator electromechanical response under variable wind operating modes.

The performed simulation studies demonstrated that variations in wind speed significantly affect
generator terminal voltage, excitation current, generated electrical power, and rotor rotational speed
characteristics. Under transient operating conditions, imbalance between aerodynamic input power
and generator electromagnetic response causes voltage deviations and oscillatory electromechanical
behavior, negatively influencing operating stability and energy conversion performance of the gener-
ating system.

To improve operating stability under such conditions, a PI/PID-based excitation-current control

Int. J. Adv. Phys. and Astr. (Online) International Journal of Advanced Physics and Astronomy Ne1(1), 2026



EN. BULATBAYEYV et al. 5 8

algorithm was implemented for continuous regulation of the synchronous generator magnetic field
according to generator terminal voltage deviations. The obtained simulation results confirmed that
excitation-current regulation improves voltage stabilization characteristics, reduces transient voltage
oscillations, and enhances damping performance of the generating system during rapidly changing
wind operating modes.

The developed excitation-based regulation approach also improved adaptation of the synchronous
generator to variable mechanical loading conditions and reduced the influence of aerodynamic dis-
turbances on electromechanical operating behavior. In comparison with more complicated converter-
based regulation structures, the proposed approach provides comparatively low control complexity
while maintaining effective voltage stabilization performance in small-scale wind energy conversion
systems.

The obtained results confirm that excitation-current-based regulation represents an effective and
practically applicable approach for improving operating stability and energy conversion efficiency
of distributed renewable energy systems operating under stochastic wind conditions. The developed
MATLAB/Simulink model can be further used for investigation of adaptive, intelligent, and hybrid
excitation control methods intended for improvement of transient response characteristics, voltage
quality, and operating efficiency of autonomous wind energy conversion systems.
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