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Abstract

Wind turbine blade vibrations induced by unsteady aerodynamic loading re-
main a critical challenge in modern wind energy systems, affecting efficiency,
structural integrity, and service life. These effects are amplified under gusty
and turbulent wind conditions, leading to higher stress levels and reduced op-
erational reliability. Although several damping strategies exist, conventional
systems are often constrained by added mass, slow transient response, high en-
ergy consumption, and maintenance requirements, while inconsistent model-
ing approaches hinder fair comparison. In response to these challenges, this
study developed a unified MATLAB/Simulink framework to evaluate a Lo-
rentz torque damper against nine conventional damping techniques under
identical conditions, with a focus on settling time as the primary performance
metric. The results show that the Lorentz torque damper achieves a 22% - 67%
reduction in settling time and a 62% - 72% reduction in RMS vibration com-
pared with conventional systems. The model validation yielded a natural fre-
quency of 2.212 Hz, closely matching the benchmark value of 2.100 Hz with a
5.32% error. Overall, the findings confirm that the Lorentz torque damper
provides an efficient, lightweight, and cost-effective solution for enhancing
wind turbine vibration control and long-term operational performance.

Keywords

Electromagnetic Damping, Lorentz Torque Damper, MATLAB/Simulink,
RMS Vibration, Settling Time, Vibration Control, Wind Turbine Blades

1. Introduction

The increasing global demand for renewable energy has intensified the deploy-
ment of large-scale wind turbines for sustainable electricity generation [1]. How-

ever, as wind turbine dimensions continue to increase, blade vibration problems
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have become more significant due to fluctuating aerodynamic forces and harsh
environmental operating conditions [2].

During operation, wind turbine blades are continuously subjected to aerody-
namic disturbances such as turbulence, wind shear, vortex interaction, and gust-
induced loading, all of which contribute to structural vibration within the blade
system. Over prolonged operational periods, these vibrations contribute signifi-
cantly to material fatigue, crack propagation, structural instability, and eventual
mechanical failure of wind turbine components [3]. Excessive blade vibration also
reduces aerodynamic efficiency and increases stress within drivetrain and gener-
ator systems, thereby increasing maintenance requirements and reducing turbine
lifespan [4].

In an effort to reduce vibration-induced damage and improve structural stabil-
ity, researchers have proposed several passive, semi-active, and active damping
techniques for wind turbine applications [5]. Passive damping systems such as
tuned mass dampers and tuned liquid dampers are widely adopted because of
their simplicity and reliability [6]. However, they frequently introduce additional
structural mass and are highly sensitive to tuning conditions. Active and semi-
active damping systems offer improved adaptability and vibration suppression ca-
pability but typically require sophisticated control architectures, external power
sources, and higher maintenance demands.

Despite the extensive development of vibration suppression techniques, direct
performance comparison remains difficult because many existing studies utilize
different excitation conditions, dynamic models, and evaluation metrics [7]. More-
over, conventional damping systems often involve trade-offs between vibration
suppression efficiency, added structural mass, operational energy consumption,
and maintenance complexity [8].

Against this background, the present study proposes a Lorentz torque-based
electromagnetic damper capable of generating contactless and velocity-dependent
damping torque for effective wind turbine blade vibration suppression. A unified
MATLAB/Simulink framework is developed to compare the performance of the
proposed damper against nine conventional damping systems under identical op-
erating conditions. The study focuses on evaluating transient response, RMS vi-
bration suppression, energy efficiency, added mass effects, maintenance demand,

and economic feasibility.

2. System Modeling and Damping Framework

A coupled blade-generator system is modeled as a second-order rotational dy-
namic system within the MATLAB/Simulink environment [9]. All damping tech-
niques are implemented using identical excitation conditions to ensure objective

and consistent comparative evaluation [10].

2.1. Wind Turbine Blade Dynamics

The dynamic behavior of the wind turbine blade is governed by inertia, damping,
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stiffness, and externally applied torques [11]. The governing equation of motion
is expressed as [12]:

Applying the Laplace transform yields the transfer function:

J,0+BO+kO=T

gust

0(s) _ 1
T J,s* +Bys+k,

gust

1

()

The transfer function represents the blade response to external excitation in the

frequency domain and forms the basis for comparative vibration analysis [13].

2.2. Generator Torque Dynamics

Generator torque dynamics are incorporated to account for electromechanical in-
teraction between the blade system and the generator shaft [14]. The governing
equation is given by [15]:

JO=T, -T,—BO(3)

The generator transfer function is expressed as:

9(s) _ 1
T,-T, Js*+Bs

3)

4)

Symbol

> A W

.

(7,)

(7.)

(6,)

Definition
Blade rotational inertia
Blade structural damping coefficient
Blade stiffness
Blade angular displacement
Blade angular velocity
Blade angular acceleration
Gust-induced torque
Laplace complex variable
Generator rotational inertia
Generator viscous friction coefficient
Mechanical torque from wind
Electrical torque

Generator shaft angular displacement

N-m-s/rad
N-m/rad
rad
rad/s
rad/s?
N-m
kg-m?
N-m-s/rad
N-m
N-m

rad

2.3. Damping Systems Considered

The study evaluates nine conventional damping techniques alongside the pro-

posed Lorentz torque damper using identical blade-generator dynamics [16].
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2.3.1. Tuned Mass Damper (TMD)
The tuned mass damper utilizes an auxiliary mass connected to the primary blade

structure through a spring-damper mechanism [17]. The governing equation is
(18]

Jé+Bé+K0+c,(9—5c,)+k,(B—xt):Tgm (5)
and m,% +c, (% —6)+k (x,—0)=0 (6)
The transfer function is:
0(s) _ m,s” +c,s+k, @)
T (s2 +Bs+K)(mtsz +cts+kt)—(cts—k, )
Symbol Definition Unit
0 Blade angular displacement rad
0 Blade angular velocity rad/s
o Blade angular acceleration rad/s
X, Displacement of tuned mass (TMD) m or rad
X, Velocity of tuned mass m/s or rad/s
X, Acceleration of tuned mass m/s? or rad/s?
0(s) Laplace transform of blade angular displacement rad

2.3.2. Active Frictional Clutch Damper

The active frictional clutch damper suppresses vibration using controllable fric-
tion torque [19]. The active frictional clutch damper mitigates vibration by engag-
ing friction plates to generate controllable resistance against blade motion [20].
Its damping action is governed by torque-velocity relationships that regulate the
frictional force applied during operation. The system is characterized by torque-

velocity relationships governing the damping effect [21].

JO+(B, +c,)0+KO=T,

gust

8

The transfer function of the active frictional clutch damper is expressed as fol-

lows:
6(s) 1

T (s):Js2+(Bb+cf)s+Kb ®

Symbol Definition Unit

J Equivalent rotational inertia of blade system kg-m?

gy Blade rotational inertia kg-m?

J, Flywheel inertia (rotational inertia damper) kg-m?

m, Tuned auxiliary mass (TMD) kg
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Continued
B Structural damping coefficient of blade N-m-s/rad
B, Blade viscous damping coefficient N-m-s/rad
K Blade stiffness coefficient N-m/rad
K, Blade stiffness coefficient N-m/rad
G Damping coefficient of tuned mass damper (TMD) N-m-s/rad
k, Spring stiffness of tuned mass damper (TMD) N-m/rad

2.3.3. Active Hydraulic Damper
The hydraulic damper dissipates vibrational energy through controlled hydraulic
fluid flow [22].

JO+(B,+c,, )0+(K, +K,,)0=T, (10)

— T gust

The corresponding transfer function is

H(s) _ 1 (11)
T (S) s2+(Bb+cAH)s+(Kb+KAH)

gust

2.3.4. Electromagnetic Damper

The electromagnetic damper operates through eddy-current-induced resistive
torque [23]. The electromagnetic damper operates on the principle that motion of
a conductor within a magnetic field induces eddy currents that generate a resistive
torque opposing motion [24]. This mechanism provides smooth, non-contact vi-
bration control without direct mechanical contact. This provides smooth, non-

contact vibration control [25].

JO+(B+cy,)0+KO=T,, (12)
The transfer function of the electromagnetic damper is expressed as follows:
0
() _ . ! (13)
Tgm (s) Js +(B +cpp )s +K

2.3.5. Active Piezoelectric Damper

The active piezoelectric damper converts structural strain into electrical actuation
for vibration suppression [23]. Active piezoelectric dampers utilize piezoelectric
materials to generate counteracting mechanical forces in response to structural
strain [26]. The governing equations establish a relationship between mechanical

deformation and the induced electrical actuation used for vibration suppression

[27].
JO+(B+c,)0+(K+K,)0=T,, (14)
The transfer function of the active piezoelectric damper is expressed as follows:
(s 1
(s) =— (15)
T (s) Js*+(B+c,)s+(K+K,)
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2.3.6. Rotational Inertia Damper

The rotational inertia damper utilizes flywheel inertia to resist rapid changes in
blade motion [28]. The rotational inertia damper employs a rotating flywheel to
produce angular momentum that resists rapid changes in rotational motion. This
inertial effect provides mechanical resistance that smooths blade motion and re-

duces vibration amplitudes [29].

(J,+J,)0+BO+KO=T,

gust

(16)

By implementing a rotational inertia damper in mechanical systems, engineers
can achieve improved stability, safety, and longevity of the equipment, ultimately
leading to better performance and reduced maintenance requirements [30].

The transfer function of the rotational inertia damper is represented by the fol-

lowing expression:
0
(s) _ ! a”)
T,.(s) (Jb+J/-)s +Bs+K,

2.3.7. Active Mass Driver Damper

The active mass driver damper employs motor-driven auxiliary mass motion to
counteract vibration [29]. The active mass driver damper consists of a motor-
driven auxiliary mass that moves in opposition to blade vibrations. Sensor feed-
back and control algorithms govern the mass motion, enabling real-time vibration

mitigation [20].
JO+ (B, +¢ )0+ (K, +K 1 )0 =T, (18)

gust
The transfer function of the active mass driver damper is expressed as follows:

H(S) B 1
T (5) IS +(By + o ) s +(Ky + K ) (19)

gust

2.3.8. Lorentz Torque Damper

The Lorentz torque damper generates contactless damping torque using electro-
magnetic induction [27]. The Lorentz torque damper generates a velocity-de-
pendent resistive torque through electromagnetic induction without physical con-
tact. This operating principle enables fast response, frictionless operation, and en-

ergy-efficient vibration suppression [4].

JO+BO+KO+K,0=T,, (20)

The transfer function is:
9(s) 3 1
T, (s) Js’+(B+K,)s+K

gust

(21)

The contactless operating principle eliminates frictional losses and mechanical

wear.

2.3.9. Tuned Liquid Damper (TLD)
The tuned liquid damper dissipates vibration through controlled liquid sloshing
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motion [5]. The tuned liquid damper reduces structural vibrations through the
controlled sloshing of liquid within a container [3]. The vibration control perfor-
mance depends on the properties of the liquid and the geometric configuration of

the tank [15].
JO+(B,+c,)0+(K,+K,)0=T,, (22)

The transfer function of the tuned liquid damper can be expressed as follows:

H(S) 1

T (s) J,5° +(B,+¢,)s+(K, +K,) 2
Symbol Definition Unit

() Frictional clutch damping coefficient N-m-s/rad
(cum) Active hydraulic damping coefficient N-m-s/rad
(K) Active hydraulic stiffness coefficient N-m/rad
(cep) Electromagnetic damping coefficient N-m-s/rad
(c,) Piezoelectric damping coefficient N-m-s/rad
(K,) Piezoelectric stiffness coefficient N-m/rad
(cum) Active mass driver damping coefficient N-m-s/rad
(K ) Active mass driver stiffness coefficient N-m/rad
(K,) Lorentz electromagnetic damping coefficient N-m-s/rad
(c,) Tuned liquid damper damping coefficient N-m-s/rad
(K, )(TLD) Liquid sloshing stiffness coefficient N-m/rad

2.4. Added Mass and Inertia Modeling

The effective rotational inertia of the blade-damper coupled system is expressed
as [24]:
Wy=mg (24)

For the blade-damper coupled system, the effective rotational inertia becomes

Joy =Jy+myr] (25)
Symbol Definition Unit
nmy Damper mass kg
w, Damper weight N
g Gravitational acceleration (= 9.81) m/s?
7 Radial distance of damper from blade root m
I Effective rotational inertia of blade-damper system kg-m?
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Continued
J, Blade inertia kg-m?
m,r; Added inertia due to damper mass kg-m?

Heavy dampers significantly increase effective rotational inertia and may alter

the natural frequency of the blade system.

2.5. Energy Consumption Modeling

Energy consumption is modeled to quantify the power requirements of each
damping technique during vibration suppression [23]. Conventional active and
hydraulic dampers typically exhibit higher power demand, whereas the Lorentz
torque damper operates primarily through electromagnetic induction and there-

fore requires minimal auxiliary energy [2].
E, =[P (1) (26)
For electrically actuated dampers (EMD, APD, AMD, AHD, and AFCD):
F () =V (1)1(1) (27)
For hydraulic and mechanical active dampers, power is expressed as

B, ()=, ()5(1) e

The Lorentz torque damper operates via electromagnetic induction using gen-

erator-coupled currents, requiring only minimal auxiliary power:

P = K00 (29)
This explains its consistently low energy consumption compared to fully active
dampers.
Symbol Definition Unit
P, (t ) Instantaneous damper power w
40 Applied voltage \'
(1) Actuator current A
F, (1) Control force N
v(1) Blade linear velocity m/s
@ Blade angular velocity rad/s
B Electromagnetic coupling coefficient N-m/A
T, Lorentz damping torque N-m

The Lorentz torque damper requires minimal auxiliary energy because it oper-

ates primarily through induced electromagnetic interaction.
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2.6. Overshoot and Rms Vibration Metrics

The percentage overshoot of a second-order system is expressed as [11]:

0,% =%x100% (30)

S5

The RMS vibration amplitude is given by:

T 100%

0,%=c 1 (31)

Together, these metrics help evaluate how well a damping system reduces both

sudden and ongoing vibrations

Opnss = g [[6°(r)ar (32)

The percentage RMS vibration reduction due to damping is defined as

7 -0
RMSRED % _ RMS Undamped RMS damped x 100% (33)
eRMS Undamped

Active dampers reduce overshoot by increasing the effective damping ratio

through control action.

Symbol Definition Unit
(. Maximum transient angular displacement rad
0, Steady-state angular displacement rad

g Damping ratio —

T Observation time window s
RMS Root mean square vibration amplitude rad
0(t) Time-varying angular displacement rad

2.7. Maintenance Demand Index

Maintenance demand is modeled as a function of mechanical complexity, actuator
usage, and component failure rate [31]. This index provides a quantitative meas-
ure of the operational burden associated with each damping system over its ser-
vice life [14].

MD =aNc+ pE, +yLf (34)

Simplified comparative form used in this thesis:
1 n
MD, =—>"1, (35)
=
where: ¢, is the maintenance time for damper ;, T is the evaluation period

2.8. Cost Index Formulation

A cost index is formulated to integrate capital, operational, and maintenance costs
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into a single normalized economic metric [13]. This allows direct comparison of

the economic feasibility of different damping strategies [25].

ca+c,+C,+C

maint

(36)

For comparative evaluation across damping strategies, a normalized cost index

is adopted:
Symbol Definition Unit
h, Failure rate failures/year
C Capital cost UsD
Cg}, Operational cost USD
c Maintenance cost USD
a, B,and y Weighting coefficients —
M, Maintenance time for damper 7 hours/year
T, Evaluation period years
e Cf—i;xx 100% (37)
where CI, . 1is the normalized cost index, CI,, is the maximum cost index,

max

CI, is the cost of each damper.

2.9. Frequency Response

The frequency response of the wind turbine blade under gust-induced excitation
was analyzed using a second-order dynamic frequency response equation [26].
This equation describes how the blade system reacts to different excitation fre-
quencies and helps evaluate resonance behavior, vibration attenuation capability,

and overall dynamic stability of the damping systems.

|H (jo) = 1 (38)

(1 —;’Jz +(2¢w, )’

n

where:
e @ represents the excitation frequency,

e @, isthe natural frequency of the blade system,

n

¢ is the damping ratio,

H ( ja)) represents the vibration response amplitude.

Dampers Type Natural Frequency (@, ) Damping Ratio (\zeta)
Lorentz Damper 0.80 0.12
TMD Damper 0.70 0.08
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Continued

Rotational Inertia Damper
Hydraulic Damper
Tuned Liquid Damper
Electromagnetic Damper
Piezoelectric Damper
Frictional Clutch Damper
Mass Driver Damper

Active Hydraulic Damper

0.70

0.70

0.68

0.72

0.70

0.65

0.70

0.68

0.07

0.065

0.06

0.07

0.075

0.05

0.07

0.075

3. Materials and Method

This study developed a unified MATLAB/Simulink framework to compare the

proposed Lorentz Torque Damper with nine conventional wind turbine blade

damping systems under identical operating conditions using both time-domain

and frequency-domain excitations. The unified control structure, shown in Fig-

ure 1, provides a consistent and reliable platform for evaluating and comparing

the dynamic performance of all damping systems based on key vibration control

indices, including settling time, overshoot, vibration attenuation, and resonance

suppression.

Comparative Damping Analysis

Disturbance Signal >

Wind Gust

Lorentz Force Damper

Blade Output

Tuned Mass Damper

gade Output

System R¢

Wind Turbine Blade

_Ipput Signal

Dynamic Simulation

Model

Rotational Inertia Damper

Blade Output

Hydraulic Damper

Blade Output

Tuned Liquid Damper

Piezoelectric Damper

Blade Output

Electromagnetic Damper

Blade Output

Blade Output

Frictional Clutch Damper

Active Mass Driver

Blade Output

Blade Output

Active Hydraulic Damper

Blade Output

Figure 1. Simulink model architecture for comparative analysis Lorentz force based vibration control of wind turbine blade.

4. Results and Discussion

This section presents a detailed comparative evaluation of the Lorentz torque

damper and the conventional damping systems under identical wind gust excita-
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tion conditions. The discussion focuses on the transient response characteristics,
vibration suppression capability, energy efficiency, maintenance demand, and
overall engineering suitability of the damping techniques for wind turbine blade

applications.

4.1. Transient Response and Settling Time

Transient response analysis was performed to evaluate the capability of each
damping system to suppress gust-induced oscillations and restore blade stability.
The simulation results clearly show that the Lorentz torque damper consistently
achieved faster settling time than all the conventional damping techniques con-
sidered in this study. The contactless electromagnetic operating principle elimi-
nated mechanical lag, frictional delay, and hydraulic inertia effects that commonly

limit the response speed of traditional damping systems.

4.1.1. Comparative Performance Analysis of the Lorentz Damper, Tuned
Mass Damper, and Rotational Inertia Damper

This section compares the vibration suppression of the Lorentz, tuned mass, and
rotational inertia dampers. The TMD uses an oscillating mass for slow disturb-
ances, while the rotational inertia damper counters rapid motion with a spinning
flywheel. Figure 2 and Figure 3 show their relative performance.

Figure 2 and Figure 3 compare the settling time of the proposed Lorentz
torque damper with the Tuned Mass Damper and Rotational Inertia Damper.
In both cases, the Lorentz damper achieved significantly faster stabilization, re-
ducing settling time by 45.77% compared with the Tuned Mass Damper and by
44.52% compared with the Rotational Inertia Damper. These results highlight
the superior transient response of the Lorentz torque damper, demonstrating its
effectiveness in rapidly suppressing wind turbine blade vibrations under gust-

induced loading.

0.3 T T
I === Lorentz Damper
= = Tuned Mass Damper
02f -
=
7~
°
g
N~ -
-
:
§ o VA NN P -
— A ) " ~ [~ -
2
A
[ .
-
=
m
-0.3 . .
0 5 10 15
Time (s)
Figure 2. Lorentz and tuned mass damper.
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0.3 T T
=== Lorentz Damper
= == Rotational Inertia Damper

Blade Displacement (rad)

|
=]
w

Time (s)

Figure 3. Lorentz and rotational damper.

4.1.2. Comparative Analysis of Lorentz, Hydraulic, and Tuned Liquid
Dampers for Vibration Suppression

Hydraulic dampers dissipate energy through viscous fluid flow but may respond
slowly to sudden loads. Figure 4 compares their performance with the Lorentz
damper. Tuned liquid dampers reduce vibration via controlled liquid sloshing, as
shown in Figure 5.

Figure 4 and Figure 5 compare the settling time of the proposed Lorentz torque
damper with the Hydraulic Damper and Tuned Liquid Damper. In both compar-
isons, the Lorentz damper achieved faster stabilization, reducing settling time by
53.49% relative to the Hydraulic Damper and by 36.14% relative to the Tuned
Liquid Damper. These findings further demonstrate the superior transient re-
sponse of the Lorentz torque damper and its effectiveness in rapidly attenuating

wind turbine blade vibrations.

0.3

_.

=== Lorentz Damper
= == Hydraulic Damper

0.2

Blade Displacement (rad)

Time (s)

Figure 4. Lorentz and hydraulic damper.
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= = Tuned Liquid Damper
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Figure 5. Tuned Liquid damper and Lorentz damper.

4.1.3. Comparative Performance Analysis: Lorentz Damper, Active
Piezoelectric Damper, and Electromagnetic Damper

Electromagnetic dampers oppose motion using velocity-dependent eddy-current
forces, compared with the Lorentz damper in Figure 6. Active piezoelectric damp-
ers generate control forces via electrical-to-mechanical strain conversion. Figure
7 shows their dynamic response relative to the Lorentz damper.

Figure 6 and Figure 7 compare the settling time of the proposed Lorentz torque
damper with the Active Piezoelectric Damper and Electromagnetic Damper. In
both cases, the Lorentz damper achieved faster stabilization, reducing settling
time by 45.91% relative to the Active Piezoelectric Damper and by 27.83% relative

to the Electromagnetic Damper. These results further confirm the superior

0.3 T T
w=Lorentz Damper
n = = Electromagnetic Damper
I
02F .
11
\

e
=

Blade Displacement (rad)

Time (s)

Figure 6. Lorentz and active electromagnetic damper.
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037 — .

=== Lorentz Damper

|
1 = = Piezoelectric Damper
|
1

Blade Displacement (rad)

Time (s)

Figure 7. Lorentz and piezoelectric damper.

transient response of the Lorentz torque damper and its effectiveness in rapidly

suppressing wind turbine blade vibrations.

4.1.4. Comparative Performance Analysis of the Lorentz Damper, Active
Mass Driver Damper, and Active Hydraulic Damper

Figure 8 and Figure 9 present the comparative performance analysis of the Lo-
rentz damper, Active Mass Driver (AMD) damper, and Active Hydraulic Damper
(AHD). The Active Mass Driver damper suppresses vibrations using a motor-
driven auxiliary mass, while the Active Hydraulic Damper utilizes hydraulic ac-
tuation to counter oscillatory motion. Compared with both conventional damping
systems, the Lorentz damper demonstrates superior vibration suppression

0.3 T T

A w=Lorentz Damper
= = Active Mass Driver

0.2

Blade Displacement (rad)

Time (s)

Figure 8. Active mass driver damper and Lorentz damper.
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04 T T
= Lorentz Damper
= = Active Hydraulic Damper

Blade Displacement (rad)

Time (s)

Figure 9. Active Hydraulic damper and Lorentz damper.

performance, achieving faster response and improved damping efficiency with
lower operational demands.

Figure 8 and Figure 9 compare the settling time performance of the proposed
Lorentz torque damper with the Active Frictional Clutch Damper and Active
Mass Driver Damper. The Lorentz damper consistently achieves faster stabiliza-
tion, reducing settling time by 48.43% compared with the Active Frictional Clutch
Damper and by 42.94% compared with the Active Mass Driver Damper. These
results confirm the superior transient response of the Lorentz torque damper in

rapidly attenuating wind turbine blade vibrations.

4.1.5. Comparative Analysis of Active Frictional Clutch Damper and
Lorentz Damper

Figure 10 presents a comparative analysis between the Active Frictional Clutch

0.4 T = T
== Lorentz Damper
h) = == Frictional Clutch Damper
0.3 Hy 7
T o2fflrn 1
s M ron
g LA i
@ 'y 1
kS R o N,
‘g‘ 1\ 7 \ L 3 - ‘/,\.,".'%
A \ \;/ ~
© v
o
= -
M
1
10 15
Time (s)

Figure 10. Active frictional damper and Lorentz damper.
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Damper (AFCD) and the Lorentz damper under transient excitation. The AFCD
reduces vibration through frictional energy dissipation but is affected by wear,
engagement delay, and higher energy losses, leading to reduced damping effi-
ciency. In contrast, the Lorentz damper provides faster and more precise vibration
suppression, demonstrating superior transient response and overall damping per-
formance under gust-induced loading conditions.

The Lorentz torque damper achieves about 60.02% faster settling time than the
Active Frictional Clutch Damper due to its contactless electromagnetic design,
which removes frictional delays and energy losses. In contrast, the AFCD suffers
from response lag caused by frictional engagement, reducing its damping effi-
ciency under variable excitation. Overall, the Lorentz damper demonstrates supe-
rior transient performance and more effective vibration suppression for wind tur-

bine applications.

4.2. Frequency Response Analysis

Frequency response analysis was conducted to evaluate the effectiveness of each
damping system under fluctuating wind gust excitation. The Lorentz torque
damper consistently demonstrated lower resonance amplitude, improved oscilla-
tion suppression, and faster decay characteristics compared with the conventional
damping techniques. The electromagnetic operating principle of the Lorentz
damper enabled adaptive response over a wider frequency range, thereby improv-

ing structural stability during turbulent wind conditions.

4.2.1. Frequency Response Comparison of Tuned Mass and Rotational
Inertia Dampers

Figure 11 and Figure 12 illustrate the frequency response characteristics of the
tuned mass damper, rotational inertia damper, and Lorentz force damper under
fluctuating wind gust loading. Figure 11 shows the comparison between the tuned
mass damper and the Lorentz damper, while Figure 12 presents the comparison

between the rotational inertia damper and the Lorentz damper.

Tuned Mass Damper =1 orentz Damperl
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Figure 11. Frequency response of the tuned mass damper and the Lorentz damper.
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Figure 12. Frequency response of the rotational inertia damper and the Lorentz damper.

The tuned mass damper effectively reduces vibrations near its tuned resonance
frequency but loses effectiveness with varying wind gusts, whereas the Lorentz
force damper provides dynamic electromagnetic counterforces for improved sta-

bilization and faster response under turbulent conditions.

4.2.2. Frequency Response Comparison of Hydraulic and Tuned Liquid
Dampers

Figure 13 and Figure 14 provide comparative analyses of the vibration suppres-
sion capabilities of the hydraulic and tuned liquid dampers relative to the Lorentz
damper. Figure 13 evaluates the hydraulic damper and Lorentz damper under
wind gust disturbances, while Figure 14 compares the tuned liquid damper with
the Lorentz damper.

The study highlights that while the hydraulic damper’s energy dissipation is
hindered by fluid inertia during rapid fluctuations, the Lorentz force damper pro-
vides lower resonance amplitude, quicker stabilization, and enhanced vibration

suppression performance.
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Figure 13. Frequency response of the hydraulic damper and the Lorentz damper.
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Figure 14. Frequency response of the tuned liquid damper and the Lorentz damper.

4.2.3. Frequency Response Comparison of Electromagnetic and
Piezoelectric Dampers

Figure 15 and Figure 16 illustrate the frequency response comparisons involving
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Figure 15. Frequency response of the electromagnetic damper and the Lorentz damper.
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Figure 16. Frequency response of the active piezoelectric damper and the Lorentz damper.
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electromagnetic and active piezoelectric dampers with the Lorentz damper. Fig-
ure 15 compares the conventional electromagnetic damper with the Lorentz
damper, whereas Figure 16 presents the comparison between the active piezoe-
lectric damper and the Lorentz damper.

The lorentz force damper outperforms the conventional electromagnetic
damper by providing lower resonance amplitude, quicker stabilization, and im-

proved vibration control across a wider frequency range.

4.2.4. Frequency Response Comparison of Active Mass Driver and Active
Hydraulic Dampers

Figure 17 and Figure 18 illustrate the vibration attenuation performance of the
active mass driver damper and active hydraulic damper compared with the Lo-
rentz damper. Figure 17 presents the active mass driver damper comparison,
while Figure 18 shows the active hydraulic damper comparison under turbulent
wind excitation.

The Lorentz force damper demonstrates quicker response and improved reso-

nance suppression compared with both active damping systems.

25
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Figure 17. Frequency response of active mass driver damper and Lorentz damper.
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Figure 18. Frequency response of the active mass driver damper and the Lorentz damper.
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4.2.5. Frequency Response Comparison of Active Frictional Clutch Damper
Figure 19 evaluates the effectiveness of the active frictional clutch damper com-
pared with the Lorentz force damper in reducing resonance amplitude and im-
proving blade stability under varying wind gust excitation.

The comparison presented in Figure 19 reveals that the Lorentz force damper
provides superior vibration suppression, faster stabilization, and enhanced oper-

ational stability across all excitation frequencies.
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Figure 19. Frequency response of the active frictional clutch damper and the Lorentz
damper.

4.3. RMS Vibration Comparison

The RMS vibration analysis further confirms the superior damping capability of
the Lorentz torque damper, which achieved the greatest reduction in sustained
vibration amplitude among all evaluated damping systems. Figure 20 shows the
RMS vibration reduction comparison for all damping techniques considered in
this study.
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Figure 20. RMS vibration reduction comparison.
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Figure 20 demonstrates that the Lorentz torque damper minimizes RMS vibra-

tion, thereby improving structural reliability and reducing fatigue loading.

4.4. Settling Time Comparison

Settling time analysis demonstrated that the Lorentz torque damper restored

blade stability significantly faster than conventional damping techniques. Figure

21 presents the settling time comparison for all damping systems investigated.
Figure 21 illustrates that the Lorentz torque damper provides the fastest stabi-

lization response following gust-induced disturbances.
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Figure 21. Settling time comparison.

4.5. Overshoot Comparison

The Lorentz torque damper produced the lowest transient overshoot among all
damping systems evaluated. Figure 22 presents the overshoot comparison for the
investigated damping techniques.

Figure 22 shows that the Lorentz torque damper minimizes transient stress

concentration by maintaining the lowest overshoot response.

4.6. Added Weight Comparison

The Lorentz torque damper introduced minimal additional structural mass com-
pared with conventional passive damping systems. Figure 23 presents the added
weight comparison for all damping systems.

Figure 23 shows that the Lorentz torque damper preserves blade dynamic prop-

erties because of its lightweight design.

4.7. Energy Consumption Comparison

The energy consumption analysis indicates that the Lorentz torque damper re-

quires significantly lower operational energy than active hydraulic, active mass
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Figure 22. Overshoot comparison.
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Figure 23. Added weight comparison.

driver, and piezoelectric damping systems. Figure 24 presents the energy con-
sumption comparison among the damping techniques.
Figure 24 shows that the Lorentz torque damper consumes the least operational

energy, supporting sustainable and cost-effective turbine operation.

4.8. Maintenance Demand Comparison

The Lorentz torque damper exhibited the lowest maintenance demand among all
evaluated damping systems. Figure 25 presents the maintenance demand com-
parison for the investigated dampers.

Figure 25 illustrates that the Lorentz torque damper requires minimal mainte-

nance because of its contactless electromagnetic operating principle.
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Figure 24. Energy consumption comparison.
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Figure 25. Maintenance demand comparison.

4.9. Vibration Suppression Efficiency

The vibration suppression efficiency comparison demonstrated that the Lorentz
torque damper achieved the highest vibration attenuation performance. Figure 26
presents the vibration suppression efficiency comparison for all damping systems.

Figure 26 shows that the Lorentz torque damper provides the highest overall

vibration suppression efficiency.

4.10. Cost Index Comparison

The normalized cost index analysis demonstrated that the Lorentz torque damper
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offers improved economic feasibility compared with conventional active damping
systems. Figure 27 presents the cost index comparison of the investigated damp-

ing techniques.
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Figure 26. Vibration suppression efficiency comparison.
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Figure 27. Cost index comparison.
Figure 27 shows that although electromagnetic systems may have relatively

higher initial installation cost, the Lorentz torque damper achieves lower long-

term operational cost because of reduced maintenance and energy consumption.

4.11. Model Validation

The developed MATLAB/Simulink model was validated by comparing the pre-
dicted natural frequency with benchmark data reported in previous studies. The

simulated natural frequency of 2.212 Hz closely matched the benchmark fre-
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quency of 2.100 Hz, resulting in a validation error of approximately 5.32%. This

confirms the accuracy and reliability of the developed blade vibration model.

4.12. Engineering Implications

The results demonstrate that the Lorentz torque damper offers superior perfor-
mance for modern wind turbine vibration suppression by providing rapid transi-
ent response, improved vibration attenuation, and enhanced operational stability.
The system also achieves lower energy consumption, reduced maintenance de-
mand, and minimal additional structural mass compared with conventional damp-
ing techniques. These advantages make the Lorentz torque damper highly suitable
for large-scale offshore wind turbine applications where reliability, efficiency, and

ease of maintenance are essential.

5. Conclusion

The study successfully demonstrated the effectiveness of the Lorentz torque damper
for vibration suppression in wind turbine blade systems through a comprehensive
comparative analysis with nine conventional damping techniques. This study pre-
sented a comparative evaluation of a Lorentz torque damper against nine conven-
tional damping techniques for vibration suppression in wind turbine blade sys-
tems using a unified MATLAB/Simulink framework. The results demonstrated
that the Lorentz torque damper achieved superior transient response, reduced
RMS vibration amplitude, lower overshoot, reduced maintenance demand, mini-
mal added mass, and lower operational energy consumption compared with the
conventional damping systems. The developed model further demonstrated strong
agreement with benchmark frequency data, thereby validating the accuracy of the
proposed dynamic framework. The contactless electromagnetic operating princi-
ple of the Lorentz torque damper eliminates frictional wear and enables rapid
adaptive vibration suppression under turbulent wind conditions. The overall find-
ings indicate that the Lorentz torque damper represents an efficient, reliable, and
economically attractive solution for advanced vibration control in modern wind
turbine blade systems. Future work should focus on experimental validation, real-
time controller implementation, and large-scale deployment analysis for offshore

wind energy applications.
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