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Recent technological advancements have made marine energy a significant focus within renewable energy.
Offshore wind turbines are usually installed on monopile foundations up to a certain depth. When these
monopiles also support hydrokinetic turbines, they form combined hybrid systems. Natural frequency analysis is
one of the most critical design criteria for these systems. Traditionally, offshore wind turbines have been
analyzed using single-degree-of-freedom (SDOF) models. However, incorporating hydrokinetic turbines increases

the system’s complexity, requiring a multi-degree-of-freedom (MDOF) approach. This study performs a natural
frequency analysis based on a two-degree-of-freedom model for such hybrid systems. Compared with a previous
study, the analytical solution shows a difference of only 2.35 %, indicating strong consistency with the literature.
Moreover, a 24.59 % decrease in the system’s natural frequency is observed compared to the wind-only
configuration, emphasizing the need for higher-order modeling in hybrid systems.

1. Introduction

The increasing global population, industrial development, and
technological advancements have led to a growing demand for energy.
Considering the environmental damage caused by petroleum-based
solid fuels currently used in energy production, their negative impacts
on ecological balance are evident. In contrast, renewable energy sour-
ces, derived from natural resources, have significantly lower adverse
effects on ecological balance compared to these solid fuels. Blue energy,
derived from seas and oceans, is highly important among renewable
energy sources. Research has shown that seas and oceans hold more
potential energy than the amount consumed globally [1]. Therefore, the
key issue is how to optimally benefit from this potential.

Blue energy’s components include offshore wind, hydrokinetic, tidal,
and wave energy. These components are notable for having the lowest
investment cost per MW among renewable energy sources [2]. Com-
bined hybrid systems integrate multiple energy generators. The theo-
retical investigation of these systems has recently become a research
subject [3-7]. Recent studies have expanded the research frontier in
hybrid renewable energy systems by exploring advanced multi-energy
coupling frameworks and intelligent control mechanisms. For instance
[81, proposed a multi-energy inertia-based control strategy to enhance
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frequency and voltage stability in hybrid isolated systems [9] analyzed
the feasibility of green hydrogen production from offshore hybrid en-
ergy resources, reinforcing the practical significance of such systems.
Additionally, intelligent control frameworks using Al-based controllers
have been explored for solar-biomass and wind-PV-battery systems,
emphasizing real-time adaptation and predictive energy management
[10-12]. These studies highlight current research priorities in hybrid
system optimization and complement the present work, which aims to
analyze coupled dynamic behavior in a multi-source offshore energy
structure. The primary advantage of combined hybrid systems is their
use of a shared support structure, thus providing cost and efficiency
benefits.

Offshore wind turbines (OWTs) with monopile foundations are rec-
ommended for depths up to 50 m [13]. Hydrokinetic turbines, like
offshore wind turbines, have monopile foundations [14]. This study
presents the design of a combined hybrid system using both wind and
hydrokinetic turbines on a monopile foundation.

Offshore wind energy plants are subjected to various repetitive loads,
such as waves, wind, and currents, throughout their economic lifetime.
Resonance occurs when the structure’s natural frequency coincides with
the frequency of these loads, leading to severe damage and potential
collapse [15]. Therefore, natural frequency analysis is one of the most
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critical design criteria for offshore wind turbines [16-20]. Natural fre-
quency analysis is also important for combined hybrid systems during
design. These analyses are performed in the literature using
single-degree-of-freedom (SDOF) systems. However, with the addition
of hydrokinetic turbines, these systems must be considered as
multi-degree-of-freedom (MDOF) systems due to the increasing rotor
diameters, power, and weight of the turbines. Multiple turbines’ added
weight and forces necessitate a multi-degree-of-freedom (MDOF)
approach to achieve accurate frequency estimations.

Natural frequency analyses for combined hybrid systems in the
literature have been conducted using finite element methods (FEM) [5,
21]. However, depending on the project’s scale, the finite element
method’s design and analysis processes can be time-consuming. This
study uses analytical equations for combined hybrid systems and com-
pares them with the literature. The analytical equations are consistent
with the literature, allowing for rapid analysis of natural frequencies in
the design of combined hybrid systems. The underlying mechanism of
natural frequency analysis is explicitly presented in this study, guiding
future combined hybrid system designs.

2. Methodology

The combined hybrid system considered in this study includes wind,
wave, and hydrokinetic turbine rotor frequencies and operating ranges,
as shown in Fig. 1.

As observed in Fig. 1, in the stiff-stiff design range, the structure’s
natural frequency is designed to be higher than both the wind (typically
1P; rotor frequency and 3P; blade shadowing frequency) and wave fre-
quencies [15]. This design aims to prevent resonance between the wind
and wave frequencies and the structure’s natural frequency. The struc-
ture becomes very rigid, minimizing deformations under loads. The risk
of resonance is minimized, and structural durability is maximized.
However, stiff-stiff designs often result in heavier and more costly
structures.

In soft-stiff design, the structure’s natural frequency is designed to be
higher than the wind frequencies but lower than the wave frequencies.
This design reduces the likelihood of resonance with wind frequencies
while making the structure more sensitive to wave frequencies. The
structure is neither too rigid nor too flexible. Deformations are larger
than stiff-stiff designs, but lighter and less costly structures can be built.
The optimal design region lies in this area.

In soft-soft design, the structure’s natural frequency is designed to be
lower than both wind and wave frequencies. This design can lead to
resonance, where the structure’s natural frequency coincides with wind
and wave frequencies, resulting in increased dynamic loads and signif-
icant deformations. This design region has the highest risk of resonance
but results in lighter and more flexible structures.

As illustrated in Fig. 1, the soft-stiff design region for the hybrid
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Fig. 1. Frequency ranges and power spectral density (adapted from [15]).
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system, which combines offshore wind and hydrokinetic turbines, is
noticeably narrower than that of a conventional offshore wind turbine.
This constraint becomes even more pronounced when a +£10 % safety
margin is applied, as recommended by [22]. The narrowing is not pri-
marily due to increased structural mass or coupling effects, but instead
arises from the low rotational speed range of the hydrokinetic turbine.
This is a direct consequence of the high density of water compared to air;
hydrokinetic turbines can extract similar amounts of energy at signifi-
cantly lower rotational speeds than wind turbines. As a result, their 1P
and 3P excitation frequencies are tightly clustered and fall within a
narrow frequency band. These frequencies significantly overlap with
those of the wind turbine, reducing the available margin for placing
natural frequencies outside excitation zones. Therefore, natural fre-
quency analysis becomes particularly critical in the design of such
combined hybrid systems.

3. Principle equations

Natural frequency calculations for offshore wind turbines have
traditionally been performed using single-degree-of-freedom (SDOF)
systems [16,23]. However, combined hybrid systems, including hydro-
kinetic, wave, and wind turbines, should be considered
second-degree-of-freedom (MDOF) systems (Fig. 2).

In Fig. 2, m; is the mass of the hydrokinetic turbine, m; is the mass of
the wind turbine, F; is the force acting on the hydrokinetic turbine, F; is
the force acting on the wind turbine, Lg is the vertical distance between
the ground and the tower base, Lt is the length of the tower, L is the
vertical distance between the tower base and the hydrokinetic turbine
hub. This vertical offset is implicitly accounted for in the equivalent
stiffness and effective mass calculations through the deformation mode
shape and integration bounds applied in Castigliano’s theorem. Thus, it
contributes directly to the dynamic representation of the lower segment.
Erlt is the bending stiffness of the tower, and Eplp is the bending stiffness
of the monopile.

The basic equation for free harmonic motion for second-degree-of-
freedom systems is given in Eq. 1.

M{x} + [K]{x} =0 (@]

Here, [M] is the mass matrix, {x} is the acceleration vector, [K] is the
stiffness matrix, and {x} is the displacement vector. Eq. (1) is expressed
in its undamped form, as the combined effect of structural,
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Fig. 2. Free body diagram of the combined hybrid system.
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hydrodynamic, and aerodynamic damping on the natural frequency is
considered relatively small. According to [16], the total damping ratio of
the first vibration mode is typically between 1-4 % in the side-to-side
direction and 2-8 % in the fore-and-aft direction for operational
offshore wind turbines. Similarly, [23] reported that hydrodynamic
damping has a negligible influence on modal frequencies in
monopile-supported offshore structures. Therefore, damping is neglec-
ted in Eq. (1) to allow for a simplified yet sufficiently accurate estima-
tion of the system’s natural frequencies. It should be noted that this
damping influence was not numerically verified within the scope of this
study but was adopted from validated literature sources.

{x} = {X}e™ 2
With this transformation, Eq. 1 becomes Eq. 3.
(K] -w*M]){X} =0 (3)

Eq. 3 is an eigenvalue problem. The determinant of the frequency-
related part of the expression is taken and set to zero to obtain the
angular frequency value (Eq. 4-5).

det([K] —w?*[M]) =0 4

WP — kimy + komy + komy N \/(k1m2 + kamy + kamy )2 — 4mymoki ks

1.2 2m1m2 2m1m2
5)
Thus, the system’s natural frequency is obtained as in Eq. 6.
Wi
_ M2 6
fiz o (6)

The required spring constants k; and ks in Eq. 5 are calculated using
Eq. 7 and Eq. 8.

Fp
k2 =
X1 — X2

)

_F+F
7—)(2

ks (8

Here, x; is the displacement of the wind turbine, and x; is the
displacement of the hydrokinetic turbine. The displacements x; and x5
can be expressed using Castigliano’s second theorem as in Eq. 9 and Eq.
10.

ou

q1 :6_F1:xl 9
ou

q2 _d_Fg_xz (10)

In Egs. 9 and 10, qj is the local deformation, and U is the strain en-
ergy. This energy is expressed by Eq. 11.

T P

2EI(z) (1)

Here, M(z) is the moment value at the z, and EI(z) is the bending stiffness
at the z. The moment values for each region can be written as in Eq. 12 to
Eq. 14.

M(z) =F2 (0<2z<Ly) (12)
M(z) =Fiz (Lt <2 <Lr+L¢) (13)
M(z) = Fiz+ Fy[z— Ly — L¢] (Ly+Lc <2 < Lr+Ls) (14)

By writing the strain energy for each deformation separately, the
displacements at the turbine levels are obtained as in Eq. 15 and Eq. 16.

Results in Engineering 27 (2025) 105631

L
q1 = oF, =X
_RI} R [(Lr+Lo)® L}
" 3Egl;  Eplp 3 3
1 (Ly +Ls)3 (LT+LC)3
+ 35 L {2(F1+F2){ 33
2 2
— 2Fy(Ly + Le) [(LT“S) _rtlo) ” as)
2 2
LU
%@ =5F, =%
1 (L +Ls)*]  (Ly+Lc)?
" 2B, {2(F1+F2){ 3 T3
Lr+Ls)> (Lr+Lc)?
- 2(F1+2F2)(LT+LC){( TJ; s)° TJ; <)
+2F2(LT+LC)2[(LT+LS)_(LT+LC)]} (16)

Ip is the moment of inertia of the monopile, and It is the moment of
inertia of the tower. The moment of inertia of the monopile is calculated
as in Eq. 17 [24].

1
Ip = g(Dp — tp)Btpﬂ' (17)

Here, Dp is the diameter of the monopile, and tp is the wall thickness of
the monopile. This equation is valid for the entire pile since the diameter
and wall thickness are constant along the pile. This equation is invalid
for wind turbine towers because the tower diameter and wall thickness
are different at the top and base. Typically, the tower diameter and wall
thickness are smaller at the top and increase towards the base, providing
stability and cost savings. Therefore, the moment of inertia varies along
the tower [24] proposed Eq. 18 for the moment of inertia of the tower.

1
Ir=1¢ (Dy* +D3)trm (18)
Here, Dy, is the tower’s diameter at the base, Dt is the tower’s diameter at
the top, and tr is the average wall thickness of the tower. The average
thickness of the tower is determined by Eq. 19 [24].

mr

=1 19
pTLTDT”

tr

Here, mr is the tower’s weight, pr is the density of the tower material, Lt
is the tower’s length, and Dy is the average diameter of the tower. The
average diameter of the tower is calculated by Eq. 20 [24].

Dr = %(Db +Dy) (20)

All calculations up to this point are for the fixed-base solution of the
combined hybrid system’s support structure. However, when the soil
effect is considered, calculations are made by considering the geometric
condition proposed by [20]. The effect of the soil on the natural fre-
quency is considered using a simplified three springs (Fig. 3) at the
ground level [16,20,25].

In Fig. 3, yo is the displacement at the ground level, y; is the
displacement at the hydrokinetic turbine level, y» is the displacement at
the wind turbine level, y is the rotation at the ground level, yj; is the
rotation at the hydrokinetic turbine level, Ky is the rotational stiffness,
Ky is the lateral stiffness, and Kig is the cross-coupling stiffness.
Considering the geometric conditions, Eq. 21 and Eq. 22 can be written.

The displacement and rotation values at the ground level are calcu-
lated using Eq. 23 [20].

Y1 =Yo + (Ls — L¢)siny, (@4))

+07F2
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Fig. 3. Deformation mode of the combined hybrid system (adapted from [20]).

. ou
Y2=M1 -+ (LT +Lc)Slnl[/1 -+ ﬁ (22)
1

Yo o 1) ) Fo
eb=la i)

Here, Fj is the horizontal force at the ground level, My is the moment
at the ground level, y, is the lateral displacement at the ground level,
and o is the rotation at the ground level. These values can be expressed
explicitly using Eq. 24 and Eq. 25.

Yo = 6.Fo + 61rMp 24)
Vo = 6rrFo + 0rMo (25)

Here, 8|, is the horizontal flexibility, 8y is the rotational flexibility, and
3y is the coupling flexibility. According to [26], these coefficients vary
depending on the pile type and soil. These coefficients are given in Eqn.
26 for non-cohesive soils and slender piles.

2,40 1,60

{yo}f m(Eplp)*® i/ (Eplp)*® {F} 26)
wo | 1,60 1,74 M,

_ni/s (EPIP)3/5 Tl}l,/s(EpIp)Ms

For non-cohesive soils with rigid piles, Eq. 27 is used [26].

r18 24
{y"}— Lo L {F"} 27)
Vo 24 36 || Mo

_Lf;nh Lf,l’lh

Here, ny is the coefficient of the subgrade reaction, and Lp is the
embedded length of the monopile.

The rigid or slender of the pile in cohesionless soils is determined
using Eqs. 28 and 29.

1
Eplp\5
Lp > 4, o(%) (28)

The pile is considered slender if the embedded pile length satisfies
Eq. 28. If it satisfies Eq. 29, the pile is defined as a rigid pile [26].

Epzp)é 29

Lp < 2,0(7
My
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The coefficient of the subgrade reaction is provided in Table 1 by
[27].

The coefficients are provided in Eq. 30 for cohesive soils and slender
piles.

[ 25 28
kyDp  knD,
{yo}: nDp hP{FO} 30)
Yo 282 4B M,
LkrDp  kinDp

The coefficients are given in Eq. 31 for cohesive soils and rigid piles.

[ 4 6
{ Yo } _ | kaDeLp kyDpLp? {Fo } @1
Yo 6 12 M,
| knDpLp*>  knDpLp®

Here, ky, is the modulus of the subgrade reaction, and § is the slenderness
parameter. This parameter is constant for cohesive soils and is given in
Eq. 32 [28].

0,65 :/EDY [ E
Ky = 2 et} 32
"=y VEIL <1fv§> (32)

Here, E is the soil’s modulus of elasticity, and v is the Poisson’s ratio of
the soil. In cohesive soils, this value remains constant along the depth.
However, it increases linearly with depth in non-cohesive soils, as
expressed in Eq. 33.

z
ky = nhEP (33)

The slenderness parameter f is given by Eq. 34 [26].

_+[kaDy
P=\ag1, (34)

In non-cohesive soils, the pile is rigid when Eq. 35 is satisfied.

1
4EpIp\ 4
P. P) (35)

L 1,5
P (thp
In non-cohesive soils, the boundary condition for the slenderness of the
pile is given by Eq. 36.

1
4Ep1p> 4 (36)

Lp>2,5 (kh b
When Egs. 21 and 22 are examined, the only unknown variable is
observed to be ;. The system should be transformed into an equivalent
system that can produce the same displacements, considering the effect
of the soil on determining this angle. For this purpose, the moment of
inertia of the section representing the k; spring can be defined as I.;, and
the moment of inertia of the section representing the ks spring can be
expressed as Ly (Fig. 4).

Under the same applied force, the deformations of the equivalent
combined system and the normal combined system must be equal, and
to achieve this, the overall deformation of the equivalent system must be
calculated. The system is analyzed in two parts, as expressed in Eqs. 37

Table 1
Coefficient of the subgrade reaction [27].
Relative Density np (kN/m®)
Loose Medium Dense
For soils above the groundwater level 2424 7272 19,393
For soils below the groundwater level 1385 4848 11,774
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e = (F1z)° _B(Lr+ L)’
HF] U, = 2El,, B 6EL, (39)
0
z Lyl (Fiz + Falz — (Lr + L¢)))?
— 12 212 — T c
e Ly+L 2ELy dz
3 3
V2 = 581, {(Fl +B) {(LT ELS) - +3LC) } }_ (40)
2 2
j —2(F1 +F2)F2(LT+LC) |:(LTJ;LS) _ (LT «;Lc) :|+
2 Ie, e
iJ 5(Lr + Le) [(LT +Ls) — (Ly +LC)]

Ele; is the bending stiffness of the first section, and El.; is the bending
stiffness of the second section. The total deformation energy is obtained
by summing Eqgs. 39 and 40. By taking the derivative of the total
deformation energy for the force Fo, the deformation at the hydrokinetic
m1 F2 turbine point in the equivalent system is determined (Eq. 41).

B+ R [ L (i ch} )

w_ 1 (Lr+Ls)*  (Ly+Lc)?
oF,  2EI, —2(F1+F2)F2(LT+LC){ TS 2T C}

2 2

"Ls-Lc“

F}(Ly + Lc)*[(Lr + Ls) — (Lr + Lc)]

= = (41)

If Eq. 41 equals Eq. 21, the displacement at the hydrokinetic turbine
point in the combined hybrid system with fixed support y; equals the
displacement considering the soil effect (Eq. 42).

Fig. 4. Equivalent combined hybrid system with fixed support.

and 38.

(F1 + F)?
Ly +Ls)®  (Lr +Le)°
w1 F SRAEL } —2(Fy + Fy)Fy(Ly + L)
Yo+ (Ls 7Lc)5inl//0 +=== (42)
oF, 2El, (L YL (Lo + Lc)z ) ,
- +F5(Ly + Lc)
2 2
(Ly +Ls) — (L + L¢)
M(z) =F1z (0 <z <L) 37 From Eq. 42, the value of El; is determined using Eq. 43.
2(F, + Fy)
Ly +Ls)®  (Ly+Lc)®
. |:( T B s) —( Tg c) :| — 2(F1 + Fy)Fy(Lr + L¢)
EIel = 5 5 (43)
2 (yo + (Ls — L¢)sinyry + jF—’g) [(LT J;Ls) _(Lr +2Lc) } + 2By (Ly + L)’
(Lt 4 Ls) — (Lt + Lc)
M(Z) :F12'+F2[27L1~7L(;} (LT+L(;§ZSLT+LS) (38)
The generalized deformation energy for each section can be The values of yo and 7 are updated as expressed in Eqs. 44 and 45.
expressed as in Equations 39 and 40.
Yo = 8.(F1 + F2) + 6r[F1 (L + Ls) 4 F2(Ls — Lc)] 44
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Yo = (SLR(Fl +F2) -+ 5R[F1 (LT +Ls) +F2(LS —Lc)] (45)

Thus, by substituting these values into Eq. 43, the bending stiffness of
the first section is obtained. The primary purpose of determining this
value is to solve for the unknown y;. The moment-displacement rela-
tionship for the first region is expressed in Eq. 46.

d2W1
EIelF :F12'+F2[Z— (LT+Lc)] (46)
Here, w; is the deformation profile in the first region. The rotation
profile is obtained by integrating Eq. 46, as expressed in Eq. 47.

dw, 1 22 22
1= P+ F |~ — (Lr+L c 47
&z EIe1{12+ 2{2 (Lr+ C)Z}}-i‘ 1 (47)

Here, C; is the integration constant. Since the rotation value at the
ground level, yo, is known as the boundary condition, substituting it into
Eq. 47 results in Egs. 48 and 49.

dw
2z = Ly + Lg; Elz_%
Ly + Lg)? Ly + Ls)? 48
F1( T+ Ls) +F2{( r + L) (48)
—Yo 2 2

T EH.,
(Lr +Le)(Lr + L)} + C1

Ci=—y,— i {{Fl (Lr ELS)Z +F, {(LT J;LS)Z —(Lr+Le)(Lr +Ls)} }

(49

Therefore, the general rotation profile in the first region is expressed
as in Eq. 50.

2 2
dwy_ 1 {F1Z—+Fz {z—* (LT+LC)Z] }*

dz ~ El, 2 2
1 (Lr + Lg)* (Ly + Ls)* 0
+ +
WO_EIﬂ {Fl T 5 s +F2{ u 5 s _(LT+LC)(LT+LS):|}

By substituting the hydrokinetic turbine’s position into Eq. 50, Eq. 51
is obtained, which represents the rotational value, y;, at the hydroki-
netic turbine level.

mk; I mk,

~Ls-Lc- Lt+lc —
Z
é
El EL m,

~N

Fig. 5. Representation of the masses of beams.
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2 2
dw_ 1 {F1£+F2 {Z*— (LT+LC)Z] }—

dz  El, | '2 2
1 (Ly + Lg)* (Lr + Lg)* ®U
+ +
Wo — Pl By |50 (L + Le) (L + L)
El, 2 2

By substituting the hydrokinetic turbine’s position into Eq. 52, Eq. 51
is obtained, which represents the rotation value, 1, at the hydrokinetic
turbine level.

1 L+ L¢)? Ly +L¢)?
{Fl(r c) +F2|:(T c)

- } (Lr +Lc)(Lr + Lc)}

17 g, 2 2
1 Lr + Ly)* Ly + Ls)? ®2)
+ L +
—Wo — F1( u ) +F, (Lr +Ls) — (Lr + L¢)(Ly + Ls)
EL, 2 2

In Eq. 52, the only unknown term is the bending stiffness, El;.
4. Effective mass

For Eq. 4 to be valid, the fixed-support solution of the combined
hybrid system is required; therefore, the system has been modified to
account for soil effects. In the natural frequency analysis, the masses of
the turbines and the tower must be included. In the natural frequency
analysis of single-degree-of-freedom systems, the effective mass of the
tower is considered using specific coefficients found in the literature
[16,20,25,29] states that these coefficients are related to the deforma-
tion mode. Therefore, obtaining the displacement curves for both re-
gions is necessary to calculate the effective masses in the combined
hybrid system. In previous studies, the effective mass factors are
commonly assumed as constant coefficients; for instance, [16] uses
33/140~0.236, and [20] adopts 0.228. However, these empirical con-
stants vary significantly across the literature and are sensitive to
assumed boundary conditions, structural configurations, and modal
characteristics. A non-constant, system-dependent effective mass factor
is adopted in the present study. This factor is later defined based on
mode shape integration, allowing it to represent better the dynamic
response of the combined hybrid system under site-specific and struc-
tural variations. Considering soil effects, the system has been modeled as
shown in Fig. 5.

In Fig. 5, Elye is the bending stiffness of the first section with a fixed
support, and Ely.; is the bending stiffness of the second section with a
fixed support. Additionally, m; is the mass of the hydrokinetic turbine,
and my is the mass of the wind turbine. The value of Ely.; is equivalent to
Ele; in physical and mathematical implications. However, since the
boundary conditions will be written differently during the derivation of
the equation, different notations are used to avoid any conceptual
confusion. The relationship between moment and rotation for the first
region is expressed in Eq. 53.

d2W1
Ela’pyt =M
(53)
d2W1
EIyel? =Fz+F, [Z — (LT +Lc)]

While beam theory-based models can effectively capture structural
bending deformations and distributed mass characteristics, they are
often used in the literature to derive approximate analytical solutions
that ultimately reduce the system to a single degree of freedom. For
instance, the model in [16] employs beam theory for deformation esti-
mation but does not explicitly resolve multiple dynamic degrees of
freedom in coupled hybrid systems.

In contrast, the present study develops a two-degree-of-freedom
(2DOF) formulation to capture the coupled dynamics between the
wind and hydrokinetic turbines. The effective mass coefficients are not
assumed to be fixed empirical values. They are derived analytically
based on the deformation mode shapes of the system, enabling the mass
distribution and stiffness to be included in a mode-specific manner. This
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ensures that the physical interaction between turbine subsystems is
dynamically represented, providing enhanced fidelity in natural fre-
quency predictions for hybrid offshore configurations.

Although beam theory provides an efficient framework for evalu-
ating structural deformation under simplified loading and boundary
conditions, it typically assumes uniform material properties and ideal-
ized supports. As such, classical beam models may not readily adapt to
hybrid energy systems involving multiple dynamic subsystems, variable
stiffness distributions, or soil-structure interactions. In contrast, the
proposed MDOF formulation offers analytical flexibility to incorporate
such interactions explicitly. This generalization makes it suitable not
only for monopile-based fixed structures but also for potential exten-
sions to floating offshore wind platforms or hybrid foundations with
embedded coupling effects. Thus, the added complexity is justified by
the model’s broader applicability and improved accuracy.

In Eq. (53), w; represents the deformation profile in the first region.
The rotation profile is obtained by integrating Eq. 53, as expressed in Eq.
54.

dw, 1 22 22
—_= Fi—+Fy|—— (Lr+L
dz EIyel{ 12"" 2{2 (Lr+ C)Z:|}+C2 (6]
e:inline-figure))"?"(1)[?tal=1]1> In Eq. (54), Cy is the integration
constant. The boundary condition for the fixed support with no rotation
at the ground level is known. The integration constant can be deter-
mined by substituting this into Eq. 54 (Eq. 55).

di
z=Lr+ls =0

1 Ly + Lg)? Ly + Ls)?
Ozm{ﬂ( u 5 s) +F2|:( u 5 s) _(LT+LC)(LT+LS):|}+C2
1 Ly + Lg)? Ly + Lg)?
G = Fl( r+Ls) +F, (Lr + Ls) — (L + L¢)(Ly + Ls)
El, 2 2

(55)

The rotation profile is obtained by substituting the integration con-
stant, as expressed in Eq. 56.

dw, 1 22 22
o J A - LI S | -
dz EIyel{ 12+ 2[2 (Lt + C)Z}}

(56)

1 Ly +Lg)? Lr+Ls)?
{Fl(r s) +F2{(T s)

Bl 3 5 (Lr + Le)(Lr + Ls)} }

The deformation profile is obtained by integrating Eq. 56, as
expressed in Eq. 57.

1 z3 z3 22
= Fi—+F,|—— (L Lc)—
" EIyel{l6+ 2{6 (r+ C)Z}}

1 (Ly + Lg)*
F,
ELe 2

\ (57)
(Lt + Lg)

2

| - L+ L)(Lr + 1s)| 2+ Gy

Here, C3 is the integration constant. As a boundary condition, in the case
of a fixed support, no deformation occurs at the support. Thus, Eq. 58 is
written to determine the integration constant.

z2=Lr+Lg;w; =0

1 (Ly + Ls)® (Ly + Ls)® (Ly + Ls)?
=_—\!F F. — (Ly + L) ——=4 | b~
0 EIye]{l 3 + Fy 3 (Lt + L) 3
1 Ly +Lg)? Ly + Lg)?
Fl( r+Ls) +F, (Lr +Ls) — (Lr+ L)Ly + Ls) | (L +Ls) + Cs
El 2 2

(58)

Therefore, the integration constant Cs is obtained as expressed in Eq.
59.
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1 (Lr + Lg)? (Lr + Ls)? (Ly + Ls)?
Cs; = F F. — (L Lo)————| p—
3 EIyel{ 1 6 + F 6 (Lr+Lc) 3
1 Ly + Lg)* Ly + Lg)?
I {Fl( — s) +Fz{( — S (L1 L)L+ Ls)| Mt + Ls)
el

(59

Thus, the deformation profile for the first section is obtained as
expressed in Eq. 60.

1 23 23 72
—— IR 4R+ L) -
wy EIyﬂ{ 16+ 2|:6 (T"r 0)2:|}

EI;] {F (LTJ;LS)ZJFF2 {(LTZLs)z_(LTHC)(LTHS)] }Z_
]%yﬂ {Fl(LTw;Ls)S +F, {(LT+6LS>3} Lyt L) (LT+2Ls>2} N
o {n sy, [t B Lo +19)] ftr + 10

(60)

The bending stiffness in the first region, Elye;, is determined using
the known displacement value at the hydrokinetic turbine point (Eq.

1 Ly +Lc)? Ly +L¢o)°
yi = {Fl( r+ Lc¢) Jer{( 7+ Lc)

6 (Lr + Lc)Z} }7

—(Lr+Le) 3

1 (Ly + Ls)? (Lr + Ls)?
{F R, [

: —<LT+LC)<LT+LS)]}(LT+LC)—

! {F1 (Lr + Ls)° +F, [(LT +6LS)3 — (Ly + L) L) ;LS)T }*

1 Lr +Lg)? Ly + Lg)*
{F1( r+ Lg) +F2{( T“; s)

— (Ly +Le)(Lr + Ls)} }(LT +Ls)
(61)

Therefore, the bending stiffness for the first region, Ely.1, is calcu-
lated using Equation 62.

Ely = yll { g0 + L)’ |, g [(LT + LI LC)%] }7
yll {Fl (Lr +2Ls>2 +F {(LT —;Ls)z — (L +Lo)Lr + LS)} }(LT Lo

6 6 2

l {Fl (LT -;Ls)z

1 {Fl (Lr + Ls)® +F, {(LT +1Ls) (Ly + L¢) {Lr+Lo)” LC)T }+

(Lt + Lg)*
2

L, { (L L)L+ Ls)] }(LT 1)
(62)

In the first region, the maximum velocity occurs at the point of
maximum deformation, where the force is applied (Eq. 63).

Wim =X1 (63)

Deformations and velocities are directly related to each other.
Therefore, the velocity profile can be expressed as in Eq. 64.

V=—Vna 64)

Here, v is the velocity at any given position, and vy is the maximum
velocity. Accordingly, the kinetic energy of a differential element in the
first region, dT, can be expressed as in Eq. 65.

o 1 ws 2
dT = 3 pAdz (Wmvmu> (65)
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Here, p is the material density, A is the cross-sectional area, and dz is the
length of the differential element. Consequently, the kinetic energy of
the first section is determined using Eqs. 66 and 67.

1 Ly+Lg 5
w
Ti=5 / pA (W.lmv"“”‘> dz (66)
Lr+Lc
1 Lr+Lg
T=3 p,c\v,,,,mzm (wy)?dz (67)
Lr+Lc

By dividing the numerator and denominator by the difference be-
tween the upper and lower integral limits, Eq. 67 transforms into Eq. 68.

Lr+Ls
T 1 Vinax> 1
1=5Ma77 7~ 5
2 (LS — Lc) W17m2
Lr+Lc

(wy)?dz (68)

Here, my; represents the mass of the first section and is given by Eq. 69.
myq = pA(Ls —L¢) (69)

The coefficient for the effective mass is calculated using the expres-
sion in Eq. 70.

Ly+Ls

! (wy)?dz (70)

(Ls —Lc) y12

Lr+Lc

Mefr1 =

Here, m is the effective mass coefficient for the first region. Conse-
quently, in the natural frequency analysis, the mass in the first region,
mj, can be expressed using Eq. 71.

g=Lr+Lc; w2 =)1
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dw, 1 22
& " He {FE} +Ca 73

Here, C4 is the integration constant. Since the rotational value of the
hydrokinetic turbine relative to the ground level is known as a boundary
condition, substituting Eq. 74 into Eq. 75 results in Eq. 76.

dw.
z=LrtLe =V~ 74)
1 (LT+LC)2}
po =Y = Fi————7 +C (75)
Yo — Y1 EIyeZ{ 1 2 4

2
(LT + Lc) } (76)

1
C4:‘//0_W1_T2{F1 5
lye:

By substituting Eq. 76 into Eq. 73, the general rotation profile for the
second region is obtained as expressed in Eq. 77.

dw, 1 22 1 (Lr +L.)*
e _ j R —y, —— ) 77
dz EIM{ ) } Vo~ ¥h EIM{ L) a7

By integrating Eq. 77, the deformation profile for the second region is
obtained as expressed in Eq. 78.

1 23 1 (LT + LC)Z
- ) e - ——{F——— C 78
w2 El., { ! 6} +wo—w)z Ele { ) }z +ls 78

Here, Cs is the integration constant. Since the displacement at the hy-
drokinetic turbine level is known as a boundary condition, Eq. 79 can be
written as the boundary condition.

1 Ly + L) 1 (Ly + L)
= F— — L L)——=—F—— (L L
»n L { ¢ + (wo —w1)(Lr +Le) g\ 2 (Lt +Lc) + Cs 79
1 (Ly + L.)? 1 (Lr +L.)?
Cs=y — Ft = by — )Ly + L)+ ——{ P = V(L 4+ L
5 =1 EIyeZ{ s (o —y1)(Lr + C)+E1ye2 — (Lr +Lc)

Therefore, the deformation in the second section, wy, is expressed as

my = Myyp + Mgy X My (71) in Eq. 80.

Similarly, applying the same procedures to the second section can
determine the value of Elye; and the elastic curve equation. The second
section’s relationship between moment and rotation can be expressed as
in Eq. 72.

d2W2
Eher g =M 72)
7
d2W2
sy = Fiz

In Eq. (72), wy is the deformation profile in the second section. The
rotation profile is obtained by integrating Eq. 72, as expressed in Eq. 73.

z2=0; Wy =y,

1 Ly + L)
- Fi— - L L
(P o w1 +

Y2=)

ElL., 2

! {Flw}@r + L)

wy = ! FZB +( )z
Z_EIyEZ s Yo — VY1

1 Ly + L) 1 (Ly +Lo)°
poT ) _ T i) L 80
EL, { T2 TN TELUT 6 &0

1 Ly +L.)*
{Fl( r+ L)

o vt +10 + g {REHE a1

The known displacement value at the wind turbine section de-

termines the bending stiffness in the second section, Ely.o, as expressed
in Eq. 81.

(81)



A.K. DEMIR and C.E. BALAS

Therefore, the bending stiffness for the second section, Elyep, is
determined using Eq. 82.

z2=Lr+Lc; wa =)

1 Lr+L.)*
EIyez — {Fl( T c) }+

Y1 —=Y2 = (Wo —w1)(Lr +Lc) 6
1 {F (Lt + L)
o=+ —y)Lr+L) U1 2

In the first region, the maximum velocity occurs at the point where
the maximum deformation occurs, which is the location of the applied
force. The displacement at this point of force application can be
expressed as in Eq. 83.

(82)

2}(LT +Lc)

Wom =Ya2 (83)

Hence, the velocity profile can be expressed as in Eq. 84.
V=—""Vma (84)

The kinetic energy of a differential element in the second region, dT,
can be expressed as in Eq. 85.

- 1 Wo 2
dT = E/)Adz <Evmux> (85)

The kinetic energy of the second section is expressed using Eq. 86.

1 Lr+Lc 9
TZ - 2 / PA (Wzvmvmax) dZ
0

Ly+Lc

(86)

1

Ty = E‘DAV'"“XZE (wz)zdz

By dividing the numerator and denominator by the difference be-
tween the upper and lower integral limits, Eq. 86 transforms into Eq. 87.

Lr+Lc

(wy)?dz (87)

T, — 1In Vimax> 1
) kz(LT +Lc) Wom?
Here, myo is the mass of the second section and is given by Eq. 88.

My = pA(LT + LC) (88)

The coefficient for the effective mass is calculated using the expres-
sion in Eq. 89.

Table 2

Geometric Properties of the Combined Hybrid System [3,30].
Rotor nacelle assembly weight MRNA 350t
Hydrokinetic turbine weight Mpyp 120 t
Transition piece weight MTRN 172,8 t
Tower base diameter Dy 3.87m
Tower top diameter D, 6.00 m
Tower weight my 347.46 t
Tower material density pT 8500 kg/m*
Tower material elasticity modulus Er 210 GPa
Tower length Lt 80 m
Distance between tower base and ground level Ls 38 m
Distance between tower base and hydrokinetic turbine Lc 24 m
Monopile diameter Dp 6 m
Monopile wall thickness tp 70 mm
Monopile material elasticity modulus Ep 210 GPa
Embedded monopile length Lp 36 m
Monopile material density pp 7850 kg/m®

Force acting on the hydrokinetic turbine
Force acting on the wind turbine F

F» 1.05 MN
0.79 MN
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Lr+Lc

! % (wy)?dz (89)

Mefrz = |77~
e (Lr +Lc) 2
Here, megy is the effective mass coefficient for the second region.
Consequently, in the natural frequency analysis, the mass in the second
region, my, can be expressed using Eq. 90.

My = Mgna + Megrz X MKy (90)

When writing the mass in the second region, my, if a transition is
present, its mass should be included in this section. Considering soil
effects, the spring constants are calculated using Eq. 91.

ko = Pz
2N 91)
K, =t E
N

5. Verification and application of the model

For model verification, the study conducted by a group of researchers
at Strathclyde University was considered [3]. This study utilized a 5 MW
offshore wind turbine developed by the National Renewable Energy
Laboratory (NREL). The dimensions and properties of the wind turbine,
tower, and monopile were selected according to Phase 2 of the Offshore
Code Comparison Collaboration (OC3) [30-31]. The 2 MW SeaGen
system developed by Marine Current Turbines (MCT) was chosen as the
hydrokinetic turbine.

A constant pile outer diameter of 6 m and a wall thickness of 70 mm
were used for the monopile. The transition was included as an additional
mass. Consequently, the monopile extends from the seabed to the
foundation level of the tower. The wind turbine tower is identical to the
one in OC3 Phase 2. The base and top of the tower are located 10 m and
90 m above the mean sea level, respectively. The tower’s thickness and
diameter taper linearly from the base to the top. The outer diameter and
wall thickness at the tower’s foundation and top were 6 m with 27 mm
and 3.87 m with 19 mm, respectively.

Since the hydrokinetic turbines were assumed to operate synchro-
nously, no torsional loads were expected and, therefore, were not
considered. The loads from the hydrokinetic turbine were directly
applied to the monopile. A simplified support structure was used to
determine the drag forces acting on the structure [3]. These forces acting
on this system were obtained from the thrust curves under the turbines’
operating conditions. Subsequently, the system is modeled using ANSYS
to calculate the natural frequency values.

The density of the soil layers varies from medium-dense to dense, and
the rigidity of the layers increases with depth. In such stratified soils, as
the rigidity of the deeper layers increases, the dynamic response
contribution of the soil-structure interaction model is primarily gov-
erned by the upper layer. The lower layers ensure the appropriate
overall foundation stiffness [32]. A similar conclusion was also drawn by
[24], which stated that the layers closer to the surface play a more
dominant role in displacement and stiffness calculations.

The natural frequency calculation for the combined hybrid system is
carried out as follows:

D) In the first step, the geometric properties of the combined hybrid
system are determined. The required geometric properties are taken
from the verification study and provided in Table 2 [3].

I) The moment of inertia for the tower and the monopile is calculated
by averaging the tower diameter and wall thickness using Eqs. 19
and 20.

Dr=4.94m; t; =0.03m
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Table 3
Comparison of the proposed method with the verification model for the system’s
natural frequency.

Proposed Method in Study [3] Difference ( %)

0.213 Hz 0.218 Hz 2.35
A - A SECTION D - D SECTION 6015 1
(o 7 /
=i Sk
B - B SECTION

MONOPILE TOP LEVEL

Sea LEVEL

SEA FLOOR

3=

=1
__0[ I

Fig. 6. Preliminary design of the combined hybrid system [6].

The moment of inertia for the tower and the monopile is calculated
using Eqgs. 17 and 18.

It =183 m* I, =573 m*

I) The flexibility coefficients of the soil springs are determined
based on the soil properties. For this purpose, the subgrade re-
action coefficient value is obtained from Table 1. In a study
conducted by [32], the relative density of the soil under similar
conditions was calculated as 55 % and classified as
medium-dense sand. The validation study described the soil as
cohesionless (sand), medium-dense, and located below the
groundwater level. Therefore, the subgrade reaction coefficient
was taken as 4848 kN/m? from Table 1. An assessment using Eq.
29 determined that the pile is rigid in cohesionless soils.
Accordingly, the flexibility coefficients of the soil springs are
obtained as follows.

8. = 2.8E — 09 kN/m?
8 = 4.4E — 12 kN/m?

Sip = 1.1E — 10 kN/m?

II

-

The displacement and rotation values at the ground level are
obtained from Eqs. 44 and 45.

¥o = 0,017 m; y, = 0,000665 rad

III) The bending stiffness of the first and second sections is calculated

using Egs. 61 and 80.
Elye; = El; = 2,83E11 Nm?; Elj.; = EL, = 4,36E11 Nm?

IV) The rotation of the hydrokinetic turbine, y1, is obtained from Eq.

52.
y; = 0,005279 rad
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Table 4

Geometric properties of the combined hybrid system [6].
Rotor nacelle assembly weight MgNA 679.85 t
Hydrokinetic turbine weight Myyp 300 t
Tower top diameter D 5.50 m
Tower base diameter Dy 8.30 m
Tower weight mry 673.65 t
Tower material density pT 8500 kg/m®
Tower material elasticity modulus Er 210 GPa
Tower length Lt 115.63 m
Distance between tower base and ground level Ls 38.19m
Distance between tower base and hydrokinetic turbine Lc 24 m
Monopile diameter Dp 8.3m
Monopile wall thickness tp 100 mm
Monopile material elasticity modulus Ep 210 GPa
Embedded monopile length Lp 31 m
Monopile material density pp 7850 kg/m>
Force acting on the hydrokinetic turbine Fa 2.19 MN
Force acting on the wind turbine F1 1.50 MN

Table 5
The natural frequency of the structure with only the DTU 10 MW reference wind
turbine.

Research Proposed method Simis Ashes Difference ( %)
[35] 0.179 Hz 0.183 Hz 2.23

Table 6

Comparison of the natural frequency of the structures.
Frequency of Offshore Wind Frequency of Combined Hybrid Reduction
Turbine System (%)
0.179 Hz 0.135 Hz 24.59

V) The deformation caused by the applied forces at the force appli-
cation points is determined using Castigliano’s theorem and
calculated through Eqs. 15 and 16.

ou

ou
q, = a—Fl = 0.566 m; q, = a_Fz = 0.008 m

VI) The deformation at the hydrokinetic turbine level, y;, and the
deformation at the wind turbine level, y», are calculated.

y; =0.034m; y, =1.136 m

VII) The spring constants for the first and second sections are calcu-
lated as follows.

F
k2:—2:954866N/m
Y2—V1
F, +F
ks :%:54554697 N / m
1

VIII) The effective mass coefficients are calculated using Eqs. 69 and
87.

meﬁq = 0.228; meffg =0.280

IX) The masses in the first region, mj, and the second region, mj, are
calculated as follows.
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Table 7

Results in Engineering 27 (2025) 105631

Lower and upper operating frequencies of turbines in the combined hybrid system.

Lower rotor speed

Upper rotor speed

Wind Turbine (DTU 10 MW)

Speed (rpm) Frequency 1P (Hz) Frequency 3P (Hz)
6 0.1000 0.3000
Hydrokinetic Turbine (SeaGen 1.2 MW)

4 0.0667 0.2000

Speed (rpm) Frequency 1P (Hz) Frequency 3P (Hz)
9.6 0.1600 0.4800
11.5 0.1917 0.5750

Wind
Turbine ‘Wind Turbine

Hydrokinetic Turbine
3P

g
g
£
3
g
&
H
£

0,00 0,05 0,10 0,15 0,20 025 0,30 035 0,40 045 0,50 0,55 0,60 0,65
Erequency (0,00 - 0,65 Hz)

Fig. 7. Operating frequencies of the turbines.

m; = Myyp + Megr1 X mk, = 134691 t

My = Mgna + Meggr X Mk = 526485 t

The system’s natural frequency is calculated using Eq. 91,
completing the analysis.

f, =0.213 Hz

In the validation model, three different monopile wall thickness
values were analyzed. The results obtained using the developed model
have been compared with those from [3] in Table 3.

As seen in Table 3, the difference between the value obtained from
the proposed method and the result reported in the literature is 2.35 %,
indicating good agreement and supporting the consistency of the model.
Although only one reference was available for direct comparison, this
deviation is within the accepted tolerance range for frequency-domain
analytical models. Furthermore, broader validation could not be per-
formed due to the limited availability of studies on hybrid offshore
wind-hydrokinetic systems with similar configurations. Future work
may consider additional verification using experimental data or high-
fidelity numerical simulations involving coupled fluid-structure
interaction.

5.1. Case study: Tiirkiye/Kuwrklareli Ktyikoy

In this section, the natural frequency analysis of the combined hybrid

.

i

H Wind
e Turbine Wind Turbine
£ 11 1P
£
et H
= | !
£l
g. \
s |
K 5\ ydrokinetic Hydrokinetic Turbine

\, Turbipe
1P
g

0,00 0,05 0,10 0,15 0,20 0,25 0,30 0,35 0,40 0,45 0,50 0,55 0,60
Frequency (Hz)

Fig. 8. Revised turbine frequencies.

system will be conducted for the Kirklareli Kiyikoy region in Tiirkiye.
The preliminary design of the combined hybrid system for this region, as
previously studied by [6], is presented in Fig. 6.

In [6], the DTU 10 MW reference wind turbine [33] was used as the
wind turbine, while the SeaGen 1.2 MW [34] hydrokinetic turbine was
selected as the source of current energy. Based on soil borehole logs, the
soil in the Kiyikoy region was classified as medium-dense sand. The
geometric properties of the combined hybrid system, as shown in Fig. 6,
are presented in Table 4 [6].

If the system provided by [6] includes only the wind turbine, the
natural frequency value can be determined using the method provided
by [35] and obtained from Simis Ashes, which is a commonly used wind
turbine design and analysis software [36]. The findings are presented in
Table 5.

Thus, in the case of only a wind turbine, the natural frequency was
calculated as 0.179 Hz [35]. Following the calculation steps outlined,
the natural frequency of the new combined hybrid system (including
both the wind and hydrokinetic turbines), as shown in Fig. 6, was
calculated as 0.135 Hz (Table 6).

As seen in Table 6, the natural frequency of the combined hybrid
system decreases by 24.59 % compared to the case with only the wind
turbine. This drop in frequency necessitated significant structural
redesign, the details of which are presented in next section. The critical
excitation frequency ranges for both turbines are summarized in Table 7.

In Table 7, the upper row represents the operating frequency range of
the DTU 10 MW wind turbine, and the lower row corresponds to the
operating frequency range of the SeaGen 2 MW hydrokinetic turbine.
The operating frequencies are graphically represented in Fig. 7.

Asseen in Fig. 7, when a 10 % safety margin is added to the turbines’
operating frequencies, the soft-stiff design region is eliminated. In this
analysis, the Frgya wind spectrum, as proposed by [37], has been used as
the wind spectrum model (Eq. 92).

S(f) = 320 (U’ef )2 <£)°'45(1 4 x5/

10) \10 02
x—172(Y) 7 (2 0.468
- (10 (ﬁ) fin=0

Here, S(f) is the wind spectrum value, U, is the wind speed measured at
a reference height of 10 m above sea level, z is the height at which the
wind speed is measured, X is the length scale in dimensionless fre-
quency, f is the frequency and n is a constant. The reference wind speed
at 10 m for the Kiyikoy region was obtained using the HYDROTAM-3D
software. HYDROTAM-3D is a three-dimensional hydrodynamic and
transport model validated against analytical and experimental results
published in scientific sources and field studies. It has been applied to
various coastal areas in Turkey [38-39]. In Fig. 7, the JONSWAP wave
spectrum has been used as the wave spectrum model [40] (Eqg. 93).

504\ >
S(w) _afexp<—4w{;> /: a=0,0081, y = 3.3

(0— wp)z} (93)

P

6=0,07(w <wp); 0=0,09(w > wp);

11
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Table 8

Results in Engineering 27 (2025) 105631

Revised lower and upper operating frequencies of turbines in the combined hybrid system.

Lower rotor speed

Upper rotor speed

Wind Turbine (DTU 10 MW)

Speed (rpm) Frequency 1P (Hz)
6 0.1000
Hydrokinetic Turbine (SeaGen 1.2 MW)

4.7 0.0783

Frequency 3P (Hz)
0.3000

0.2350

Speed (rpm)
9.6

Frequency 1P (Hz)
0.1600

Frequency 3P (Hz)
0.4800
9.6

0.1600 0.4800

& CHS

‘Wind
Turbine m

")

*

uOWT
Wind Turbine

Power spectral density

ydrokinetic
N Turbipe
R 1P

Hydrokinetic Turbine
3P

0,25 0,30 0,35 0,40

Frequency (Hz)

0,45 0,50 0,55 0,60

Fig. 9. Revised turbine frequencies and natural frequencies of the structures.

Table 9
Structural Component Adjustments for the Optimized Hybrid System.

Original Value Optimized Value Increase
Tower base wall thickness 0.038 m 0.080 m %57.9
Tower mass 673.65 t 895.73 t % 32.97
Monopile wall thickness 90 mm 150 mm % 66.67
Monopile embedded length 31,00 m 54.00 m % 74.19
Monopile mass 558.83 t 1247.47 t %123.23
Frequency 0.135 Hz 0.179 Hz %24.59

Here, S(w) is the wave spectrum value, « is the shape parameter, g is
the gravitational acceleration, o is the wave frequency, w, is the peak
wave frequency, and vy is the peak correction factor.

Since the soft-stiff region has vanished, the operating frequencies of
the hydrokinetic turbine have been adjusted to restore the frequency
limits to those of the wind turbine-only case (Fig. 8).

As seen in Fig. 8, the soft-stiff design region has been restored by
increasing the lower operating speeds and decreasing the higher oper-
ating speeds of the hydrokinetic turbine. The revised lower and upper
operating frequencies of the turbines are presented in Table 8

As seen in Table 8, the soft-stiff region has been expanded by
reducing the hydrokinetic turbine’s lower and upper operating speeds.
The natural frequencies of the offshore wind turbine and the combined
hybrid system, as presented in Table 8, are illustrated in Fig. 9.

In Fig. 9, the green square represents the Wind Turbine Only (WTO)
system, while the blue diamond represents the Combined Hybrid System
(CHS). As seen in Fig. 9, when only the wind turbine is present, the
design falls within the soft-stiff region. However, when the combined
hybrid system is considered, the structure’s natural frequency shifts into
the resonance zone. This shift indicates that solving the system with a
second-degree-of-freedom approach causes the natural frequency to

move from the soft-stiff region into the resonance region. This finding
suggests that the design initially considered safe under a first-degree-of-
freedom solution becomes unsafe when a second-degree-of-freedom
analysis is applied.

6. Structural optimization to restore natural frequency

The significant structural modifications applied to address the fre-
quency drop discussed in earlier sections are detailed in this dedicated
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section to guide the reader toward the applied optimization strategy.
These changes aim to demonstrate how the hybrid system was adapted
to recover dynamic performance under soil-interactive conditions.

This 24.59 % reduction in natural frequency highlights a significant
shift in the system’s dynamic behavior and raises important engineering
concerns. In particular, bringing the natural frequency closer to envi-
ronmental excitation bands, such as wave loading and turbine har-
monics (e.g., 1P/3P), can increase the resonance and dynamic
amplification risk.

In our specific case, the frequency reduction necessitated consider-
able structural changes, including increased foundation depth and wall
thickness, which can be considered a partial redesign. Not all hybrid
systems require such redesign; the need arises particularly when site-
specific soil conditions and dynamic interactions lead to substantial
shifts in natural frequency. However, this does not imply that hybrid
systems are inherently unfeasible. Rather, it demonstrates that such
systems require a more integrated and iterative design process that
explicitly incorporates soil structure interaction and dynamic coupling
effects from the outset. Structural optimization strategies such as stiff-
ness enhancement and mass redistribution remain effective tools to
restore dynamic performance but must be applied early and site-
specifically.

A geometry-based structural optimization was performed to restore
the natural frequency to the optimal design range in the hybrid system
with soil-structure interaction. The modifications focused on enhancing
global stiffness and controlling mass distribution. Key parameters such
as the tower base wall thickness, monopile wall thickness, monopile
embedded length, and total mass were incrementally adjusted using a
trial-and-error process. These engineering decisions were based on dy-
namic sensitivity and practical feasibility.

The optimized values and their corresponding percentage increases
are summarized in Table 9.

As aresult of these structural adjustments, the first natural frequency
of the system increased from 0.135 Hz (pre-optimization) to 0.179 Hz
(post-optimization), placing it safely outside the combined 1P/3P exci-
tation bands of both turbines.

These adjustments collectively restored the natural frequency to a
range that avoids overlap with critical excitation sources such as wave
frequencies or operational harmonics (1P, 3P). This highlights the
importance of explicitly incorporating foundation stiffness and soil
interaction in hybrid system design. However, it must also be
acknowledged that the 54-meter pile depth exceeds the verified soil
profile in the site-specific borehole data, which ends at 23 m Further
geotechnical exploration would be required to verify whether compe-
tent strata or rock exists at the new embedded depth.

This case demonstrates that frequency shifts introduced by soil
flexibility in hybrid systems are not design-fatal. Rather, they present an
opportunity for optimization that enables safe and efficient operation
through rational structural modifications aligned with site-specific
constraints.

7. Results

The analytical model introduced in the study was validated by
comparing its results with those from a reference study conducted by
researchers at the University of Strathclyde. Using parameters from the
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OC3 Phase 2 design and the SeaGen hydrokinetic turbine system, the
natural frequency of the hybrid offshore structure was calculated. The
proposed method estimated a natural frequency of 0.213 Hz, which
differed by only 2.35 % from the 0.218 Hz value obtained in the refer-
ence model, confirming the accuracy of the simple analytical approach.
This level of agreement highlights the potential of the presented multi-
degree-of-freedom (MDOF) framework to replace more time-intensive
finite element models in early-stage design phases for combined
offshore energy systems.

The analytical model was then applied to a case study situated in
Kirklareli Kiyikoy, Tiirkiye. Using the DTU 10 MW wind turbine and
SeaGen 1.2 MW hydrokinetic turbine configurations, the natural fre-
quency of the combined hybrid system was computed as 0.135 Hz. This
value represents a 24.59 % decrease from the 0.179 Hz calculated for the
wind turbine-only configuration, highlighting the critical influence of
additional hydrokinetic mass and stiffness properties. The significant
frequency drop indicated that systems previously deemed structurally
safe under a single-degree-of-freedom approach might fall into reso-
nance zones when modeled as a second-degree system, underlining the
need for more complex hybrid design modeling.

The operational frequency ranges of both the wind and hydrokinetic
turbines were analyzed. It was shown that, due to the downward shift in
natural frequency caused by combining systems, the safe "soft-stiff"
design region effectively disappears unless turbine operational speeds
are adjusted. By narrowing the operating frequency range of the hy-
drokinetic turbine, the study successfully restored the soft-stiff region,
which is critical for avoiding resonance. Graphical results indicated that
while the wind-only system remained in the safe design region, the
hybrid system initially fell into the resonance zone, suggesting a need for
revised turbine specifications or structural stiffening. These results
emphasize the importance of frequency-tuned design and operating
range optimization in hybrid offshore renewable energy systems.

8. Discussions

The HCTs are added to monopile foundation of hybrid systems with
local stiffening at the attachment level as demonstrated in recent engi-
neering applications:

1) Transition-piece jackets and clamp collars: [4] designed a 6
m-diameter, 60 m-long monopile with a 29 m transition sleeve at the
Cook Strait between the North and South Islands of New Zealand.
The monopile supported the wind-hydrokinetic hybrid system with
two HCTs in shallow water. These pods were bolted through the
sleeve so that the extra torque was carried locally by a thicker (83
mm) shell and internal stiffener rings, leaving the main pile thickness
unchanged.

Braced collars and tripod outriggers: [41] analyzed the Cook Strait
hybrid system with one wind and two HCTs by welding three short
braces to the pile at -25 m MSL, and they restricted tip deflection to
code limits without changing the 6 m x 0.083 m wall section. The
Atlantic Resources AR 2000 current turbine was used with a Siemens
SWT-3.6-107 wind turbine for the hybrid system.

Monopile + Plate (HOREHS) System: [42] established a hybrid
offshore renewable energy harvest system (HOREHS) on a shared
platform for the wind energy harvested by the offshore wind turbine
(OWT), the wave energy harvested by the wave energy converter
(WEQC), and the hydrokinetic energy collected by the HCT to reduce
energy costs and increase production. The HOREHS system at the
Sheringham Shoal site was supported by a fixed foundation and
consisted of a monopile and a steel plate.

[43] and [44] showed that integrating wind and hydrokinetic energy
systems has been a feasible combination to solve the economic
viability issue for energy. Two configurations were proposed by [45]
and [46] for the wind-hydrokinetic hybrid system in deep water. The
first configuration was integrating two HCTs to spar-buoy
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foundations, and the second was installing the HCT at the bottom of
the semi-submersible foundation.

As aresult, the frequency analysis model developed in this paper can
be effectively used for large-scale engineering applications, because the
added structural mass is concentrated within 10 m of the mudline, the
bending stiffness and the first two eigenmodes change far more than
predicted by a one-DOF tower-only model. High-fidelity FE solutions
exist, but they are time-consuming. The practical attachment details fit
within the two-DOF abstraction adopted, and the proposed closed-form
frequency model has the potential for engineering realization due to its
following advantages:

1. Rapid Application: The developed model enables early design iter-
ations before costly FE or basin testing.

2. Parametric Optimization: Designers can sweep collar mass, plate
radius, or turbine mass in seconds to keep the 1st natural frequency
outside the now-narrow soft-stiff band.

3. Complementary Solutions: Detailed FE models (or soil-pile macro-
elements) refine fatigue and ULS checks once a feasible design en-
velope is found.

The model can effectively be used in hybrid-monopile design studies,
and its relevance will increase as larger (>15 MW) wind turbines narrow
the admissible frequency frame further [47]

As a result, the structural integration is progressing from concept
towards pilot-scale reality, and the simplified dynamic-analysis frame-
work provides an essential, rapid screening model for such emerging
designs.

9. Conclusions

This study presented the mechanisms and analytical equations while
conducting the natural frequency analysis of second-degree-of-freedom
combined hybrid systems. The accuracy of the proposed approach was
validated by comparing it with existing literature, yielding a 2.35 %
difference and confirming its reliability.

The natural frequency analysis was systematically outlined, which is
crucial for the design of combined hybrid systems. One of the most
critical aspects highlighted in this study is that an adaptive approach
was introduced, unlike the fixed effective mass coefficients used in the
literature. The study summarizes how these coefficients are determined
based on the resulting deformations, ensuring a more accurate and dy-
namic evaluation in natural frequency analysis.

When considering the natural frequency in the design of combined
hybrid systems, evaluating the system based on a second-degree-of-
freedom approach rather than a first-degree-of-freedom approach has
resulted in a 24.59 % reduction in the natural frequency value.

In the first-degree-of-freedom solution of the combined hybrid sys-
tem examined in this study, the structure was found to be safe, according
to [24]. However, in the second-degree-of-freedom solution, the struc-
ture falls into an unsafe region, highlighting the importance of consid-
ering higher-order dynamics in the design process. Furthermore, the
applicability and limitations of the model have been explicitly discussed.
The proposed model validates symmetric, single-turbine configurations
with aligned environmental loading. Although it does not currently
cover asymmetric layouts or multi-turbine systems, it can be extended to
such configurations by incorporating additional degrees of freedom and
more complex dynamic coupling. This clarification ensures that the
modeling remains physically consistent with the system geometry and
avoids oversimplifications in some SDOF-based approaches, such as in
[4].

In addition to structural redesign, an operational adjustment strategy
was implemented to recover the dynamic safety margin. Specifically, the
rotor speed range of the hydrokinetic turbine (SeaGen 1.2 MW) was
revised from 4-11.5 rpm to 4.7-9.6 rpm. This frequency tuning was
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achieved without modifying the rotor geometry. Instead, the adjustment
was made through system-level regulation and generator control,
allowing the hydrokinetic turbine’s excitation frequencies (1P and 3P)
to be shifted away from resonance zones. This approach demonstrates
that non-invasive operational tuning can mitigate certain resonance
risks, providing a flexible method for early-stage hybrid system
integration.

As a recommendation for future studies, it is suggested that the
hydro-damping effect, which varies with depth, should be incorporated
dynamically into the natural frequency analysis of the structure.
Although the current study is focused on fixed-bottom hybrid systems,
the two-degree-of-freedom analytical framework and frequency-domain
modeling approach developed here may serve as a conceptual and
methodological basis for floating offshore wind turbines (FOWTs) [48],
especially under seismic and multi-hazard conditions. Unlike traditional
time-domain simulations, frequency-based models allow for rapid
evaluation of resonance risks and parametric sensitivity, which are
particularly relevant aspects for early-stage FOWT design. However, the
present model does not yet incorporate platform pitch-roll dynamics or
mooring system flexibility, which are critical in floating configurations.

Recent studies support this direction: [49] demonstrated that vertical
seabed acceleration from seaquakes can induce nacelle accelerations
exceeding 0.3 g, even in tension-leg configurations [50] emphasized the
impact of fluid compressibility and seabed energy absorption on vertical
responses using coupled fluid-structure interaction models [51]
long-period multidirectional ground motions trigger amplified platform
responses, particularly in semi-submersibles. These studies reveal that
seismic effects on FOWTs are tightly linked to structural resonance and
damping — themes directly addressed in the present framework. Future
work could extend this 2DOF formulation by incorporating pitch, heave,
surge motions, and mooring dynamics, creating a frequency-domain
toolkit for early-phase seismic safety screening of floating hybrid plat-
forms. Based on these findings, this study is expected to serve as a
milestone and guide for future combined hybrid system designs.
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