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ABSTRACT

This publication describes the analysis of a method for precision automatically balancing an offshore wind turbine
by continuously changing the correction mass. The motivation for this work was to make wind turbines safer and
extend their service life. Automatic balancing has never been used in wind turbines, and this article aims to show
the potential of this method in wind turbines. The presented balancing concept is based on using fluid as a correc-
tion mass for balancing. Wind turbine blades are subject to icing, which results in an additional mass of ice cover-
ing their surface. Its effect can be reduced by adding or removing correction fluid from individual turbine blades
to compensate for imbalance mass. In this way, correction systems mounted on the shaft of the wind turbine have
been used. The proposed solution can be used to perform wind turbine balancing, where the correction elements
are placed inside the turbine blade. As part of the simulation study, analyses were performed on a 5 MW offshore
wind turbine model using MADYN 2000 software. A beam model was created using the finite element method
and service loads were specified. On the basis of the wind turbine, appropriate correction masses were given to
reduce the vibration amplitude level to acceptable values. Fatigue analysis deepens understanding of the impact
of imbalance on the longevity of turbine components, pointing toward potential pathways to extend their life and
improve safety. The use of an automatic balancing system will extend the service life, improve the safety of wind
turbines, and increase their efficiency.

Keywords: rotor, vibration reduction, rotordynamics, automatic balancing, wind turbine, health monitoring, off-
shore engineering.

INTRODUCTION

Renewable energy sources have been in devel-
opment since the 1990s. The authors’ motivation
to introduce automatic wind turbine balancing is
for several reasons. Incorporating sustainable de-
velopment principles into wind energy projects is
essential to ensure environmental and economic
benefits throughout the life cycle of wind turbines.
This includes not only the operational phase, but
also manufacturing and end-of-life management.
A comprehensive approach to sustainability in
wind energy includes a responsible source of
raw materials, minimizing environmental impact
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during production, and developing the strategies
to recycle and reuse turbine components at the end
of their useful life (1). The wind turbine produc-
tion phase involves the extraction and processing
of raw materials, which can have significant en-
vironmental impacts. Research suggests that ad-
vances in material science and manufacturing pro-
cesses can reduce these impacts by improving the
efficiency of material use and reducing the carbon
footprint of production (2, 3). Furthermore, opti-
mizing the design for durability and recyclability
can further improve the sustainability of wind tur-
bines. For example, the use of composite materials
that can be separated and recycled at the end of
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their life cycle is gaining traction in industry (4).

During the operational phase, the implementation

of automatic balancing systems, as discussed in

this article, contributes to sustainability by ex-
tending the service life of wind turbines as well
as reducing the need for frequent maintenance and
replacement of parts. This not only reduces the
operational carbon footprint, but also reduces the
environmental impact associated with the manu-

facture and transport of replacement parts (5).

The imbalance increases fatigue loads in the
blades, tower, increasing drivetrain, and thus fa-
tigue damage and frequency of noncritical fail-
ures, leading to downtime and economic losses.
As a part of the failure, the turbine blade can be
damaged (6), which can cause the blade to break
off the structure (7). Furthermore, this phenom-
enon could be dangerous, because a detached
turbine element can fly away over a distance of
several hundred meters. Therefore, research has
been carried out in the field of finding the meth-
ods to improve the reliability of wind farms. One
of the solutions considered is the automatic wind
turbine balancing system proposed for the first
time in this study during operation.

The cause of damage to rotating machinery
is the uneven distribution relative to the rotation
axis. Imbalances can be caused by manufactur-
ing errors, as well as rotor blade aging processes,
manifested by changes in the profile of the rotor
blade or the appearance of erosion on the surface
of the rotor blade (8). Unbalance caused by rotor
blade icing is a separate problem (9). Even small
unbalanced masses can cause dynamic loads that
affect the operation of wind turbines (9, 10). The
vibrations caused by imbalances can have a large
vibration amplitude. The result of wind turbine
failure is downtime, which in an offshore envi-
ronment due to complex logistics results in a large
increase in wind farm maintenance costs (7).

The standard balancing procedure checks the
vibration of the tower as the rotor blades rotate
close to the nominal speed:

1. The vibration is measured when the turbine ro-
tor is rotated at a speed equal to 80-90% of the
first natural frequency of the tower.

2. Measurement of vibration after adding trial
correction mass to one of the rotor blades.

3. Estimation of the imbalance based on two pre-
vious vibration measurements.

In wind turbines, unbalance is a very important
topic. Approximately 20-50% of wind turbines

have significant rotor imbalances (11). This leads
to damage to important components. Imbalances
influence the long-term operation of wind tur-
bines. There are two main causes of imbalances:
the so-called mass imbalance resulting from non-
uniform mass distributions caused, for example,
by manufacturing inaccuracies or water inclusions
in the blade texture and aerodynamic imbalance
resulting from errors in inclination angles or blade
change profiles. Aerodynamic imbalance is not
necessarily erroneous, but it also occurs during
normal operation. Due to turbulence, wind shear,
yaw misalignment, vertical wind profile, and tow-
er shadow, there are always differences in the lift
forces between the blades, which result in imbal-
anced forces on the turbine, like mass imbalances.
In addition to lateral vibrations, they induce axial
and torsional vibrations in wind turbines. The
main reason for the aerodynamic imbalance is the
relative deviation of the blade pitch angles. This
can be eliminated only by correcting these angles.
Additional masses are not helpful. In practice,
both types of imbalances are frequently observed,
both separately and in combination.

In general, we do not have an influence on the
correction during wind turbine operation. For the
numerical calculation, the maximum imbalance
value for the machine class was obtained accord-
ing to the relevant standard (12, 13). Methods
are known for the continuous determination of
imbalance during rotating machinery operations
that can be used in condition monitoring sys-
tems (CMSs). These methods use the modeling
of rotating machines using basic geometric and
physical parameters (11). These parameters and
their values were described in Chapter 6. A well-
balanced rotor is essential for the long-term and
safe operation of wind turbines. The problem
of excessive rotor vibration is related not only
to imbalance, but also to different blade angles
or blade aerodynamic imbalances. Cacciola et al.
(14) developed a sophisticated control algorithm
to compensate for mass imbalance by generating
additional counteracting aerodynamic imbalance
with individual pitch control. Obtaining the max-
imum output from a wind conversion system also
requires optimization of the rotor speed to wind
speed. This article discussed the results of nu-
merical analysis and the design of a structural
solution to build an automatic balancing system
for a wind turbine.

An imbalance is a source of vibration with
rotational frequency. Rotor imbalance causes
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additional periodical forces at the frequency
of once per revolution (1P), which excites the
blades, tower, and drivetrain and can be observed
in the frequency spectrum of different vibration
sensors. To determine the imbalance class ac-
cording to the standard (standard number ISO
1940-1), a vibration acceleration measurement
was carried out using accelerometers. Acceler-
ometers are commonly connected to the bearing
supports of the main shaft; also, the rotational
speed must be known. This type of measurement
is sent to an acquisition system, such as the SCA-
DA system. On the basis of these signals, it could
be assessed, for example, whether the imbalance
is too high to be acceptable.

Scientific papers seeking more accurate meth-
ods for determining the angle and mass of the im-
balance have used eddy currents or inductive dis-
placement sensors. (15, 16). It is also possible to
determine the imbalance using current and volt-
age analyses. In (17), a support vector machine
was used to determine the magnitude and angular
position of the imbalance based on current and
voltage signals. (18) proposed a method to detect
the imbalance of the blades of marine hydroki-
netic (MHK) turbines based on several statisti-
cal indicators from the signal of a shaft key en-
coder. The method was verified using a numerical
model. Acceleration sensors (accelerometers) are
mostly used for vibration detection under indus-
trial conditions. An exception is the diagnostics
of slide bearings, where the information on the
operating stability of a slide bearing is realized
by predictors based on an analysis of the shaft
rotation trajectory relative to the bearing. To re-
cord rotation trajectories, it is necessary to obtain
the information about relative vibrations, which
can only be achieved by measuring the relative
distance from the shaft to the sensor (19). Sen-
sor signals were recorded by condition monitor-
ing systems (CMS), conditioned, and analyzed.
Usually, the detection of imbalances is based on
spectral and order analysis methods (20). Another
technique is to monitor the characteristic of the
power (21), where mean values are observed and
deviations from faultless conditions are used to
calculate alarm limits. However, this requires a
learning phase under faultless conditions (22).
This holds also for other signal processing meth-
ods. Another disadvantage is that the amount of
imbalance, for example, the absolute value and
location of a mass imbalance or the deviation of
one or more pitch angles, is not computable. The
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state-of-the-art in rotor imbalance determination
still requires an on-site expert team. Aerodynamic
imbalances must be detected using optical meth-
ods. After aerodynamic imbalances, the mass
imbalance was determined using vibration mea-
surements with and without reference masses.
In recent years, the authors have developed the
methods that allow determination using the data
collected by a CMS. Consequently, the amount
and location of the rotor imbalance can be com-
puted without expensive measurements using on-
site reference masses. Niebsch et al. presented an
algorithm to experimentally calculate the mass
and aerodynamic imbalance of wind turbines
(23). Several procedures are known to detect an
increase in imbalance and new methods are be-
ing developed. CNN has been used, among oth-
ers (24). It is also possible to use the signal in a
narrower frequency range, (25) complex Morlet
wavelet transform (26) or the Teager -Kaiser En-
ergy operator (27).

Johnson et al. (28) published an article in
which they balanced fatigue damage and turbine
performance through an innovative pitch control
algorithm. To improve reliability, marine condi-
tions require expensive and advanced systems.
Emergency systems are constantly being devel-
oped to avoid danger to people and harm to the
environment (29). In addition to emergency sys-
tems, numerical methods are being developed to
allow the diagnosis of machines operating under
varying environmental conditions. For example,
row analysis synchronized with shaft rotation al-
lows one to determine single-number statistical
parameters (30). Numerical methods based on
the analysis of nonlinear phenomena, such as the
Teager-Kaiser Energy operator (27), are currently
being developed. Recent advances in mechani-
cal system diagnostics include the application of
dispersion entropy with a sliding window tech-
nique, which enables an effective assessment of
system stability by capturing the complexity and
variability of vibration signals in both linear and
nonlinear dynamic regimes (31, 32). The meth-
ods for analyzing the effect of operating pressure
on the natural frequencies of the equipment were
presented in (33). In the developed auto-balanc-
ing method, calibration is performed by filling the
selected correction tanks. This provides a readout
of the signal with and without the additional cor-
rection mass. This makes it possible to identify
the signals originating from a mass imbalance
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and isolate signals originating from another phe-
nomenon (e.g., acrodynamic imbalance).

Larger wind turbines are more advantageous
from the developer’s point of view, because in-
stallation and internal wiring costs depend mainly
on the number of wind turbines, rather than their
size. Increasing the scale of turbines is also ben-
eficial as a result of the costs of operation and
maintenance. In terms of wind farm energy pro-
duction, larger wind turbines are characterized by
fewer individual machines that require mainte-
nance. This results in lower operating and main-
tenance costs. However, these costs are directly
dependent on failure rates, part costs, and the time
it takes technicians to perform each maintenance
task. This is why they increase with the size of the
wind turbines. A study was conducted using a dis-
crete event simulation model for the operational
phase of an offshore wind farm, comparing the
operation and maintenance costs of a wind farm
consisting of 5 MW turbines with a wind farm
consisting of 10 MW turbines (34). The simula-
tion results confirm that the operating and main-
tenance costs decrease when replacing two 5 MW
turbines with a 10 MW turbine, provided that the
total production capacity and all other parameters
are the same (35). The operation and maintenance
of offshore wind turbines play an important role
in the development of offshore wind farms (36).

The operation process of an offshore wind
farm is extremely complex. Offshore wind energy
requires the selection of a maintenance strategy
that considers scheduling, which is an optimiza-
tion problem that considers on-site operations, re-
pairs, evaluation criteria, recycling, and environ-
mental issues (37). Wind turbine operating cost
planning is more complex for offshore farms than
onshore farms. Offshore farms increase projected
costs by 9.6%, while offshore farms increase pro-
jected costs by 1.7% (38).

Reliability analyses show a decrease in the
reliability of the power system in the case of the
transition from nuclear power to smaller distrib-
uted renewable power plants (39). Reliability
studies have shown that even a five-fold increase
in power plant capacity (for example, 3.480 MW)
using renewables is less reliable than a nuclear
plant (for example, 696 MW) (40). According to
the reliability studies conducted for offshore wind
turbines, the most prone to failures is the sup-
port structure (3.5 failures per year), followed by
the auxiliary system (1.7 failures per year), pitch
system (1.4 failures per year), generator (0.97

failures per year) and gearbox (0.32 failures per
year). Failures are typically caused by harsh envi-
ronmental conditions. The next causes are opera-
tional factors, aging, and material damage (41).

IMBALANCE OF ROTORS
AND WIND TURBINES

Imbalance in the rotors is an undesirable phe-
nomenon; therefore, various methods are used to
reduce this imbalance. This process is called rotor
balancing and is achieved by adding or removing
a certain amount of mass from the rotor disc in
the appropriate planes. This should be performed
in such a way that the center of mass lies on the
axis of rotation. Static and dynamic balancing for
the rotors must be performed. Static imbalance of
a rotor is a condition in which its principal axis is
displaced parallel to its rotational axis. In a dy-
namically unbalanced rotor, the rotor axis and its
central principal axis of inertia are oblique, and
the center of gravity does not lie on the rotor axis.

Equilibrium equations of moments (for cen-
trifugal forces due to imbalances) (42). The given
equations are more general and can be used for
multiplane balancing. In practice, balancing is
performed in only one plane.

Types of imbalance

In rotating machinery, specific linear and an-
gular accelerations generate inertial forces. Ac-
cording to the principle of d’ Alembert, these forc-
es are transmitted to the bearing supports through
various mechanisms, such as rolling or sliding
bearings, streams of gases or liquids, magnetic
fields, or electric fields (43). Periodically varying
loads can lead to several adverse effects, includ-
ing component vibrations, fatigue stresses, exces-
sive bearing wear, casing and foundations, and
environmental noise. These vibrations can arise
during machine operation due to wear and tear of
parts, or manufacturing errors. The key factors
causing vibrations include friction, centrifugal
forces, fluid forces within seals and bearings, as
well as the elastic properties of the shaft, its sup-
ports, and bearings. To mitigate these undesirable
phenomena, the balancing of machine elements
is applied. Balancing is done by changing the
mass of the rotor disc in the appropriate plane so
that the center of gravity is on the axis of rotation
(the main central axis of inertia). Both static and
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dynamic rotors are comprehensively balanced, ei-
ther on their own bearings or in special balancing
machines. In recent research, an automatic bal=
anee rotor balancing device was developed. For
this system, a mathematical model of a rigid ro-
tor was adopted. This model treats the shaft as a
“rigid body” element and considers the two bear-
ing supports as compliant. This simplification
enabled effective modeling of the rotor and per-
formance simulations using the MSC ADAMS
software. This type of rotor design allows direct
vibration measurements on the bearing body, fa-
cilitating more accurate analysis and adjustments.
Balancing is a critical practice in rotordynamics
to ensure smooth operation and longevity of ro-
tating machinery. By developing advanced tools
and models, such as the automatic balance device
and the rigid rotor model, engineers can better
predict, measure, as well as mitigate the adverse
effects of vibrations, improving the overall per-
formance and reliability of these systems.

A mathematical equation was initially derived
to determine the reaction forces that act on the
bearings (Figure 1). The rotating wheel spins with
an angular velocity w around the Z axis and has
an angular acceleration ¢ (43). Rotation (1) of the
rotor creates dynamic reactions in the bearings,
which depend on the position of the rotor’s prin-
cipal central inertia axis relative to its axis of rota-
tion. When a thin layer of thickness dz is isolated
within the rotor (an infinitesimally small element
with mass dm can be considered. This mass dm
experiences an elementary centrifugal force dF
and an elementary tangential force dF,.

dF = dmw?7, {
dF, = dm(& x 7) (1)

where: F'— centrifugal force, F', — peripheral force,
w — angular velocity on the Z axis of the

Elementary layer with a thickness of d,

rotor axis

P

(@

rotor, & — angular acceleration about the Z
axis of the rotor, » — position vector of the
center of mass, m — mass of the rotor.

By defining (2) the coordinates of the center
of mass dm through the components x, y, it can
be stated that the position vector is: r = xi + yj, for
unit vectors i, j.

Substituting the position vector into the above
formulas, we obtain dF and dF1 after calculating
the cross product:

dF = dmw?(xT + yJ),

dF;, = dm[g x (xT+ y])] = dm&(xT + yJ) 2)

where: x, y coordinates of the center of mass; i,
J — unit vectors.

Taking into account inertial forces, the dy-
namic reactions in the bearing can be written as
an integral over volume V of the rotating body (3):

R, = Jvﬂ ((dF) zr dFy)z 3)

where: dz — elementary layer of thickness dz has
been isolated in the rotor, z — distance
from the bearing to the elementary sec-
tion, L — distance between bearings, R " R,
— dynamic reactions of both bearings.

By substituting dF and dF1 with the formula
defined by the x, y coordinates, we obtain (4) (43):

(0?1 + &)
Ry = % IIf, xzdm + (0?7~ &f) (4)

Jf, yzdm

When the centrifugal moments of the rotor
with respect to the x and y axes are equal to zero,

layer with a thickness of d,

rotor axis

b)

Figure 1. The diagram shows an example of a rigid rotor (a) and the division of the rotor (b) into a section
with a thickness marked with the variable dz
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then the reaction on the rotor bearings is zero, and
the axis is its principal axis of inertia.

[ im0

JIf, yzdm=0.

In the case where the resultant value of the
normal and tangential inertial forces is equal to
zero, the dynamic reactions of both bearings are
zero (5):

Ry =R, =0,
[If, (@F +dF) =0,
(w?T+e)) fff, xdm+
+(w?T—¢)) [ff, ydm =0

The equation above is satisfied when the rotor
axis passes through the central axis of inertia (the
center of gravity of the rotor).

[ im0

JIf, yzdm=0.

This means that then the rotor has no dynamic
reactions in the bearings and it is called a perfect-
ly balanced rotor.

Most rotating machines operate at speeds out-
side their resonant frequencies; therefore, vibra-
tions reach limited values. However, the rotor of-
ten passes through successive natural frequencies
during acceleration or deceleration, which expos-
es it to the appearance of an increase in vibration
amplitude. A change in imbalance can be caused
by a change in mass distribution as a result of a
change in operating conditions, such as dust ad-
hering to the blower blades or ice build-up on the
blades of the wind turbine (10). The vibration that
occurs limits the life of the equipment and the cy-
clic nature of the vibration causes fatigue loading,
which can cause a break of the turbine blade (44).
One way to reduce the negative impact of reso-
nance is to use active foil bearings (45). Then, it
is possible to change the frequency of resonance
occurrence. Wind turbines do not use active bear-
ings; therefore, minimizing the effect of imbal-
ance is a critical task to enable proper operation.

)

Rotor balancing methods

Despite careful balancing of the rotors during
the manufacturing stage, residual vibrations often

emerge once the rotor is installed in its operating en-

vironment. This phenomenon results from assembly

tolerances, interactions with the support structure,
or changes in mass distribution during service. For
these reasons, various in situ balancing techniques

have been developed to correct for imbalance di-

rectly on the machine’s own bearings (46).

The necessity of in situ balancing arises par-
ticularly in two cases:

e when rotors are too large to be balanced on
conventional balancing machines, which is
common in turbomachinery,

e when progressive wear or degradation of the
rotor components alters the mass distribution
over time, thereby generating new unbalance
conditions.

Among the multiplane balancing approaches
performed on their own bearings, two fundamental
groups of methods can be distinguished (46, 47).

e Modal methods.

Modal balancing is designed specifically for
flexible rotors, where shaft deflections under
centrifugal forces play a significant role. In such
cases, unbalanced forces not only generate vibra-
tions, but also induce eclastic deformations of the
shaft, which modify the overall mass distribution
of the system (46).

A distinctive feature of flexible rotor dynamics
is that deflection patterns are speed-dependent. At
any given rotational speed, the shaft deflection is
a superposition of multiple modal shapes. When
the rotor operates near its critical speed, the re-
sponse is dominated by the shape of the r-mode,
which must be taken into account when applying
balancing corrections (47).

Therefore, modal balancing focuses on reduc-
ing vibration amplitudes associated with specific
modal components of the response. This approach
is particularly effective in high-speed turbomachin-
ery, where shaft flexibility cannot be neglected and
rigid-body balancing methods prove insufficient.

e Influence coefficient methods (46—48).

The influence coefficient method is one of the
most widely used techniques for balancing rigid
rotors directly in their operational bearings. Its
principle is to determine how sensitive the mea-
sured vibration response is to the placement of a
trial mass in a given correction plane. This sensi-
tivity is expressed through influence coefficients,
which form a linear relationship between unbal-
ance forces and measured vibrations.
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The method relies on the following assump-

tions (46, 47):

e The measured vibration response is linearly
dependent on the rotor imbalance.

e The rotor behaves as a rigid body within the
operating speed range under consideration.

e During the measurement process, the mass
distribution remains constant, except for the
addition or removal of the trial masses.

The balancing process consists of two main
phases: a measurement stage and a computational
stage. In the first phase, a set of vibration mea-
surements (amplitude and phase) is performed:
initially for the uncorrected rotor and then for
successive runs with trial masses placed in differ-
ent balancing planes. In the second phase, these
data are used to calculate the necessary correction
mass and its angular position using the linear in-
fluence relation (48) :

Vi=U;-Hy +U;- H; (6)

where: V — vibration vector measured at the i-th
observation point, U, U — vectors of un-
balance forces acting in the ii-th and jj-th
correction planes, H, H, — influence co-
efficients representing the sensitivity of
vibrations to correction masses applied in
the respective planes.

The main advantage of the influence coeffi-
cient method is that it does not require detailed
prior knowledge of the dynamic model of the sys-
tem, making it a broadly applicable and practical
approach. In principle, an effective correction can
be achieved in four main steps, using only vibra-
tion measurements and trial masses. However,
several drawbacks must be noted. The method
requires multiple shutdowns and restarts of the
machine (typically four), which prolongs the bal-
ancing process. Furthermore, placing test masses
without precise knowledge of the system may in-
advertently introduce additional imbalance, lead-
ing to an increase in vibration levels rather than
their reduction (46—48). Finally, this method is
restricted to the rotors that can be treated as rigid
bodies, limiting its applicability in the case of
flexible high-speed rotors.

Examples of imbalance

An example of an imbalance that occurs dur-
ing rotor operation is air handling equipment (fans
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and blowers) that supplies particulate-contaminat-
ed air to the furnace. During fan operation, dust
particles stick to the rotor blades or other compo-
nents of the fan, which can cause an imbalance.

Examples of imbalances were also observed
in wind turbines (Figure 2). Wind turbines op-
erate under various climatic conditions around
the world. However, adapting their operation to
a given climate also requires analyzing the impact
of'ice-split deposition on turbine blades, especial-
ly when the equipment operates at temperatures
below 0 °C, such as under high mountain condi-
tions. In extreme cases, the amount of ice accu-
mulated on a turbine can be up to approximately
half the weight of the blade itself (49) or approxi-
mately 25-30 kilograms per meter of the blade.
This mass causes a significant disturbance to the
wind turbine and prevents it from working prop-
erly. Bai et al. proposed the diagnosis of icing of
wind turbine blades using RFECV-TSVM pseu-
do-sample processing of RFECV-TSVM (50).

A rotor heating system can be used to remove
the top layer of the ice cover. This provides the
operating conditions where a temperature of +4
°C is maintained on the surface of the blade. Tem-
perature and humidity sensors are used to detect
ice and compare the operating characteristics
of the machine, because ice changes the aero-
dynamic properties of turbine blades, reducing
the power generated by the turbine. To achieve
the ice-melting effect, channels exist inside the
blade to blow hot air over each blade, which re-
quires approximately 85 kW of power for a single
wind turbine. There are many active devices to
remove ice, including resistance foils, heating
the interior of the blade with hot air, dissolving
the ice with electrical pulses or electrical separa-
tion, and using low-frequency ultrasound waves
(52-57). However, producers are now working
on the solutions to remove ice from blades with
very low power consumption. These solutions

Figure 2. Accumulation of ice layers on
wind turbine blades (51)
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are used when there are human facilities around
wind farms. For isolated objects, a fluid -based
rotor balancing system can be used to balance the
blades, which can effectively reduce vibrations
caused by imbalance without exposing people to
injury from a detached ice block.

Due to the uneven distribution of the ice in the
individual blades, the entire turbine is unbalanced
(58). An example of an iced wind turbine blade is
shown in Figure 3a. The effect of imbalance in-
volves periodically occurring vibrations that can
contribute to damage to various elements, such
as gears and blades. The materials from which
turbine blades are made are based on epoxy or
polyester laminates with glass or carbon fibers.
These materials are lightweight and strong, but
their fatigue strength is limited. Therefore, when
exposed to repeated load cycles, they may break
earlier than predicted under normal wind turbine
operation (59). An example of a wind turbine
blade failure is shown in Figure 3b.

Methods of balancing

Automatic rotor-balancing systems can be
used to reduce imbalances during rotor opera-
tion. Feand and Cui [47] presented a risk assess-
ment method using an auto-balancing mechanism
(62). Imbalance correction is possible in real time
while the machine is running. Some solutions are
used in the industry for this purpose. Currently,
there are no commonly used automatic balancing
systems for wind turbines.

The first solution (Figure 4) involves generat-
ing a corrective force with two moving masses in
the same plane moving under a fixed radius of the
axis of rotation. The balancing process is based
on the influence coefficient method and includes

specific measurement and control solutions. The
influence coefficients are determined in the first
stage, which is then used to balance the rotor at
a specific speed during its transient response to
minimize vibration at critical speeds.

Another example is a system with two liquid
chambers and heaters, in which a liquid is trans-
ferred from one chamber to the other by evaporation
and condensation. Such devices are mainly used to
balance large rotors in fans and blowers (49).

Recent progress in trial-weight-free model-
based balancing shows promise in reducing out-
age time. Sanches et al. (63) augmented the state
vector with unknown imbalance parameters and
apply an augmented Kalman filter to identify the
unbalance in a flexible rotor directly from oper-
ating responses; simulations and experiments
demonstrate accurate identification without trial
runs. However, the approach hinges on careful
noise-covariance tuning and sufficient sensor ob-
servability, and has so far been validated on labo-
ratory rigs, rather than multi-MW wind turbines;
after estimation, the method still requires a physi-
cal actuation path to implement the correction.

Sun et al. (64) presented a model-based bal-
ancing method for multi-disc flexible rotors with-
out trial weights, showing that a distributed unbal-
ance can be approximated by equivalent isolated
unbalances on selected planes and then identified
via reduced-order models; two numerical case
studies report ~80-98% vibration reductions of
80-98% after low- and high-speed correction.
Practicality is tempered by sensitivity to model
fidelity (e.g. bearing/foundation properties, re-
duction errors) and by the requirement that avail-
able correction planes align with actual unbalance
locations, the conditions that can be difficult to
guarantee in assembled wind turbine drivetrains.

®)

Figure 3. (a) Wind turbine blade after four days of intense ice formation (60), (b) photo of a wind turbine blade
after failure in which a 5.5-meter tip fell from the blade (Korsze, Poland) (61)
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Figure 4. Example of a balancing disc

For online trial-weight-free correction, Yun et
al. (65) developed a spray-based dynamic balanc-
ing system that identifies the imbalance via a no-
test-weight algorithm and deposits precise correc-
tive mass in situ; spindle tests show large (>70%)
amplitude drops in seconds. While attractive for
automated correction, the technique assumes
ready access for material deposition and tight
control of deposition accuracy and sealing, con-
straints that make direct transfer to utility-scale
rotors and harsh nacelle environments nontrivial.

Addressing aerodynamic imbalance rather
than mass imbalance, Bertelé et al. (66) proposed
an automatic detection and correction of pitch
misalignment using generator power and blade
load signals, with a supervisory algorithm that
compensates systematic blade-pitch offsets. Their
field-motivated simulations showed reduced
asymmetric loading without hardware modifica-
tion, yet the strategy mitigated the effects of im-
balance rather than eliminating the underlying
mass asymmetry and relied on accurate sensor
calibration and stationarity of the misalignment.

Complementary individual pitch control
(IPC) schemes continue to evolve for load mitiga-
tion under imbalance. Zhang et al. (67) introduced
a PI-R IPC that targets balanced and unbalanced
1P/2P load components in the hub frame and dem-
onstrate significant reductions on the NREL 1.5
MW reference turbine using FAST simulations.
As a control-side solution, IPC reduces fatigue
drivers but does not correct rotor mass properties;
its performance depends on actuator bandwidth,
measurement quality, and may trade off against
energy capture in turbulent inflow.

Building on the review above, current solu-
tions leave a clear gap that motivates a fully au-
tomatic closed-loop mass-balancing system for
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utility-scale turbines. Classical field balancing re-
quires trial masses, repeated stoppages, and quasi-
steady conditions; inverse/model-based estima-
tors identify imbalance but stop short of physical-
ly correcting it; CMS/SCADA-driven classifiers
flag imbalance states without prescribing correc-
tion mass placement; and control-side remedies
(IPC, pitch-misalignment compensation) mitigate
effects rather than eliminate the underlying mass
eccentricity. Emerging on-line actuators (e.g., de-
position or discrete add-on devices) have shown
rapid attenuation on spindles but face scalability,
accessibility, and environmental constraints in na-
celles. In response, this paper targeted an online,
trial-weight-free approach that (i) continuously
estimates both mass and aerodynamic imbalance
under variable-speed, turbulent inflow using stan-
dard nacelle sensors (vibration, tachometry, and
power) fused with a rotor-dynamic model and
adaptive observers, and (ii) closes the loop by re-
centering the rotor via a compact, continuously
adjustable corrective-mass mechanism integrated
in the hub/nacelle. The purpose was to maintain
a low 1P/2P vibration and asymmetric loading
throughout the operating envelope without shut-
downs. Methodologically the estimation-and-ac-
tuation architecture was formulated, its stability
and convergence properties were derived, and
the performance on a representative drivetrain rig
and high-fidelity simulations was evaluated. The
novelty lies in combining fleet-deployable sens-
ing, robustness to non-stationary excitation, and
autonomous mass redistribution into a single sys-
tem that diagnoses and corrects imbalance during
normal operation.

AUTOMATIC ROTOR
BALANCING SYSTEMS

The idea behind this concept was to use a cor-
rection disc with three or four fluid chambers, as
shown in Figure 5. The accumulation of fluid in
a given correction chamber made it possible to
adjust the mass of the imbalance because the re-
sultant correction mass depended on the degree of
filling in each chamber (68). Each chamber was
connected to an external hydraulic system through
a hydraulic circuit, as well as the input and out-
let valves. The use of valves allows for the filling
and emptying of individual tanks to be regulated.
Hydraulic accumulators were used as tanks. The
automatic control system involves measuring the
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balancing cells

Figure 5. Schematic showing a correction disc
with four correction chambers (70)

acceleration amplitude of vibration on the rotor
bearings and adjusting the hydraulic filling level
of the accumulators to reduce the system (69).

In further studies, the number of correction
chambers was reduced to three pieces distributed
around the disc every 120°, as this is the necessary
number to balance a mass placed at any position of
the plane of the correction disc. The research used
the influence coefficient method to determine the
resultant imbalance vector causing the imbalance
centrifugal force “F” and to calculate a correction
force “-F” with the same value and direction but
opposite sense. The value of the correction force
F was then converted to the fluid fill volume of
the individual correction vessels. For this purpose,
it is also necessary to determine the value of the
phase-shift angle between the phase marker locat-
ed at the starting point of the correction disc and
the maximum measured value of the rotor vibra-
tion amplitude caused by the imbalance. Figure 6
shows a graph of the phase shift angle and rotor
vibration amplitude measurement step.

The assumption that the rotor response is pro-
portional to the imbalance is fundamental to vir-
tually all balancing methods for both rigid and
flexible rotors (42). Even for systems where sub-
stantial nonlinearity is observed, this assumption
can be satisfied by balancing in a stepwise fashion
with sufficiently small steps to approximate the
linear behavior. An additional assumption inher-
ent in most balancing methods, and of particular
importance to influence coefficient balancing,
is that the effect of individual unbalances can be
superposed to give the effect of a set of unbal-
ances. This has been generally accepted as a fact
for unbalances that are not excessively large. The
premise behind influence-coefficient balancing is
that, based on these two assumptions, a rotor can
be characterized by a set of individual trial-mass
runs. This characterization can be used to define
a combination of these masses that eliminates or
minimizes the synchronous response of the rotor
due to imbalance. The analytical development and
implementation procedures for influence balanc-
ing are presented in the sixth chapter of Darlow’s
book (42). A method was also presented.

On the basis of the vibration amplitude and
phase shift angle measurements, a vector plot can
be obtained showing the centrifugal force F origi-
nating from the unbalanced mass, and the correc-
tion force -F originating from the filling of the
correction fluid tank (Figure 7). Consequently, be-
cause the correction tanks were distributed around
the correction disc every 120°, their positions
were marked on the graph by lines X1, X2, and
X3. Filling a given correction tank induces a cen-
trifugal force (e.g. Fx2 and Fx3) originating from
the mass of the correction fluid stored in the tank.
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Figure 6. Measurement plot of the phase shift angle and the rotor vibration amplitude. The thick line
(vibration sensor) represents the vibration amplitude, and the thin line is the rotation marker (based on (71))
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On the basis of the assumptions made, mul-
tibody simulations (MBS) were performed using
MSC ADAMS software (Automated Dynamic
Analysis of Mechanical Systems) — as shown in
Figure 8. The simplified target model was im-
ported into the MSC ADAMS software after the
bindings were added and the appropriate motions
were specified. Then, in the bearing simulation,
the measurement points of the forces correspond-
ing to the rotor vibrations were completed in the
simulation and a phase marker was added. Exem-
plary imbalanced forces were used in the simu-
lation, and, for simplicity, the correction masses
were replaced by parameterized force vectors.
Owing to simulation limitations in MSC Adams,
it was necessary to use the imbalance in the form
of a force vector instead of the imbalance arising
from a mass point. These two methods of setting
the imbalance can be used interchangeably and
produce similar effects. The prepared geometric
model was linked to the MATLAB/Simulink soft-
ware to develop a control system for the virtual
prototype. To simulate the control system, the
MSC ADAMS model was combined with MAT-
LAB/Simulink software using a library to pass
the input and output data between models.

As it was shown in Figure 8, a control system
was used to reduce the rotor vibrations by appro-
priately changing the distribution of the correc-
tion masses. The influence coefficient method

was used for this purpose. Vibration reduction
was achieved by varying the force from the cor-
rection masses X1 and X3 to compensate for the
X4 force from the imbalance example.

On the basis of the simulation results, a de-
tailed correction disc was developed for the ex-
perimental tests (Figure 9). For this purpose, a
correction disc was placed on the steel shaft. The
hydraulic system used three AS 00 20 type hydro
accumulators (as correction chambers) and six Lee
Extended Performance (EP) microvalves to con-
trol the inlet and outlet of the correction chambers.
The design of the correction disc is as follows:

Protection against the effect of free fluid
movement can be realized independently of the
rotational speed of the rotor. Therefore, a hydrau-
lic accumulator should be used as a chamber for
the correction liquid. The internal design of the
accumulator should ensure the separation of the
liquid from the compressed gas in such a way
that the liquid that fills the accumulator accu-
mulates at a specific location, with the possibil-
ity of expanding the volume of the accumulator
filled with liquid. An important prerequisite for
the correct operation of the system is the proper
design of the diaphragm to separate the liquid
from the compressed gas. (Figure 10). The cor-
rection chamber uses a hydroaccumulator (AS 00
20), which prevents the fluid from moving freely
when the disc rotates.

Figure 7. Correction disc with vector plot showing the centrifugal force “F”” and the correction force “-F”
derived from filling the correction fluid tank (based on (71))
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Figure 8. Schematic of co-simulation development in MSC ADAMS and MATLAB/Simulink software

Figure 9. Correction dial design

As part of the experiment, the vibration am-
plitude measurements were performed using ac-
celerometers mounted on the bearings of the rotor.
An eddy current sensor was used to measure the
rotational speed of the rotor. There was a phase-
angle marker on the shaft in the form of a groove
approximately 4 mm wide. An eddy current sen-
sor for distance measurement was attached to the
tripod to detect the position of the groove on the
shaft. When the groove passed near the eddy cur-
rent sensor, a signal appeared, indicating that the
shaft had fully revolved. The experiments involved
the use of filled hydroaccumulators as a correction
mass and a mass that introduces an imbalance.

This balancing process can occur in several
stages. In the first stage, the vibration amplitude

and phase angle were measured. On the basis on
their values, the angles and values of the cor-
rection mass to be supplied to the correspond-
ing chamber on the correction disc were deter-
mined on the diagram. Next, the control buttons
responsible for opening and closing the valves
are activated manually. The hydroaccumulators
are filled semi-automatically. Current measure-
ments of the vibration acceleration amplitude
were recorded on polar diagrams and a graph
showing the change in these vibrations as a
function of time.

The test rig, which was used to perform the
measurements, consisted of the following com-
ponents: a hydraulic system, a mechanical sys-
tem, power supply system, and a control system.
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Figure 10. The correction chamber uses a hydroaccumulator (AS 00 20), which prevents the fluid from moving
freely when the disc rotates (72)

The hydraulic system (Figure 11) is responsible
for delivering the correction fluid (propylene
glycol) from an external tank through a hydrau-
lic pump and rotary hydraulic coupling. The
correction fluid was distributed to individual
correction chambers (hydro accumulators) us-
ing hydraulic tubes. The hydroaccumulator was
filled with an inlet valve and emptied with gly-
col using an outlet valve. The mechanical system
consists of a housing shaft, a correction disc, and
holders for individual hydraulic components.
The shaft was mounted on bearings that were
held to the lab bench frame. The power and con-
trol system provided power and control signals
via a slip-brush-type electrical connector located
on the shaft. This solution is effective; however,
the signals are subject to additional noise. The
measurement system uses 3-axis accelerometers
placed on the bearings and a phase marker in the
form of an eddy current sensor placed perpen-
dicular to the shaft axis. Valve control and mea-
surements were performed using the LabView
PXI controller.

Eddy current
sensor

Hydro-

Electric
swivel joint

Simulation and experimental results
of the automatic balancing system

To assess the effectiveness of the proposed
automatic rotor balancing system, both numerical
simulations and experimental investigations were
carried out. The combination of these approaches
enabled the verification of the control algorithm
in a virtual environment and subsequent valida-
tion of its performance on a laboratory test rig.

Since the MSC Adams software does not
natively simulate free fluid motion, a simplified
substitute model was introduced to preserve the
key functional characteristics of the system. In
the real setup, the corrective mass (fluid) is in-
fluenced by centrifugal forces, with three hydrau-
lic accumulators evenly distributed every 120°
around the balancing disc. In the numerical mod-
el, the corrective fluid was replaced by centrifu-
gal force vectors, expressed as (1), where m is the
corrective mass, r =200 mm is the application ra-
dius, and o is the angular velocity (02000 rpm).
The model was integrated with Matlab/Simulink

Acceleration sensor

®)

Figure 11. (a) Automatic rotor balancing process during experimental testing,
(b) the measurement system uses 3-axis accelerometers placed on bearings
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through a co-simulation interface, allowing real-
time interaction between the dynamic simulation
and the control system. The input variables rep-
resented the corrective forces applied in the three
balancing chambers and the unbalance forces at
selected angular positions, while the output sig-
nals included the vibration forces and the phase
angle marker.

The implemented control algorithm success-
fully detected the amplitude and phase of the im-
balance as well as calculated the appropriate filling
ratios of the correction chambers. A test scenario
with an unbalance force of 86 N at 210 ° relative to
the phase marker showed that the system correctly
identified the amplitude (85.91 N) and the phase
(150 ©). The corrective force was then distributed
to the chambers, reducing the resultant imbalance
from 85.91 N to approximately 8 N within 3 sec-
onds of simulation time (Figure 12).

It should be noted that the simulation did not
include the inertia of fluid flow within the cham-
bers, which explains the short balancing time.
Experimental studies provided complementary
insight into these limitations.

Figure 13 shows the measurement results
obtained by performing an automatic rotor-bal-
ancing experiment while the rotor was running at
900 rpm. The graph shows the acceleration am-
plitude measured with the accelerometer during
the automatic balancing process. The system was
originally unbalanced by adding an unbalanced

mass, which caused rotor vibrations that were
measured at an acceleration amplitude of ap-
proximately 3.75 mm/s2. The balance procedure
was then started and the corresponding chambers
were filled with correction fluid, causing the rotor
to balance and reduce vibration to an accelera-
tion amplitude level of approximately 1.25 mm/
s2, which is the residual imbalance of the rotor.
It should be noted that the jump in vibration am-
plitude occurring in the second 35 is caused by a
momentary disturbance caused by the activation
of the electrical system for controlling the opera-
tion of valves (this system generated disturbances
at that moment but later did not affect the correct-
ness of the measurement reading).

The combined results confirm the validity and
effectiveness of the proposed system. The simula-
tion model demonstrated the theoretical capabil-
ity of rapid compensation of unbalance, reducing
forces to near-zero levels in a few seconds. The
experimental studies, although showing longer
correction times due to fluid inertia, verified the
system’s ability to achieve substantial vibration
reduction under realistic operating conditions.

The agreement between the simulation and
the experimental results validates the detection
as well as correction algorithms and demonstrates
that the proposed approach can be implemented
practically. The method ensures effective balanc-
ing while maintaining continuous rotor operation.
Furthermore, the findings underline the potential

Figure 12. Reducing the resultant unbalance from 85.91 N to approximately 8 N within 3 seconds
of simulation time: numerical calculations
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Figure 13. Result of experimental balancing

of applying such systems in industrial rotating
machinery, particularly wind turbines, where au-
tomatic in-operation balancing could significant-
ly improve reliability, extend component lifetime,
and reduce maintenance costs.

Alternative rotor balancing strategies

Classical rotor-balancing practice in turboma-
chinery and machine tools remains dominated by
influence coefficient and modal approaches that
estimate correction masses/planes from phase-
referenced vibration measurements taken during
trial runs. Darlow showed that these families can
be expressed within a unified framework, with
clear guidance on selecting planes, iterating with
trial weights, and handling flexible modes; how-
ever, they presuppose quasi-stationary operation
and scheduled shutdowns for weight installation,
which limits their applicability to large wind tur-
bines operating under variable speed and turbu-
lence (42). Complementing this, Foiles et al. re-
viewed decades of practice and documented prac-
tical shortcomings, such as multiplane coupling,
repeatability under changing operating states, and
the need for reliable phase references, which to-
gether motivate interest in the approaches that do
not rely on repeated weight campaigns (73).

For compact spindles and consumer rotors,
passive automatic ball/roller balancers redistrib-
ute free masses above a threshold speed to coun-
teract eccentricity. Kim and Na designed a ball-
type ABB that explicitly targets the well-known
drawback of large transient 1x amplification of 1
during run-up, showing, in simulation and tests,
how geometry and damping choices suppress
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transients while retaining steady-state benefits
(74). Building on this, Van De Velde et al. (75)
introduced a temporary speed-reduction proce-
dure that statistically reduces residual scatter due
to stiction, thereby improving repeatability across
starts; their Journal of Sound and Vibration study
provides quantitative gains and implementation
guidance. While effective in controlled settings,
these devices can amplify off-design transients
and are hard to scale to multimegawatt drivetrains.

Another strand replaces mechanical bearings
with actively controlled magnetic bearings to re-
ject synchronous unbalance forces through con-
trol actions rather than mass add/remove. Her-
zog et al. (76) developed generalized notch-filter
compensation embedded in multivariable feed-
back, demonstrating force-free rotation about the
inertial axis while preserving closed-loop stabil-
ity over speed. More recently, Noshadi and Zol-
fagharian (77) showed robust attenuation of un-
balance and harmonic disturbances on a flexible
shaft AMB rig using modern H / robust control,
confirming that AMBs can traverse critical areas
with attenuated 1x transmission — but at the ex-
pense of power electronics, backup bearings, and
integration complexity atypical for conventional
wind turbine drivetrains.

Machine-tool research demonstrates fully on-
line active balancing, wherein the system identi-
fies the resultant unbalance and actuates movable
masses or metered fluid to the more recent mass
in real time. Zhang et al. (78) proposed a liquid
injection / free drip balancer and reported rapid vi-
bration reduction (up to ~87% at test speed) with-
out trial runs, illustrating that closed-loop identi-
fication/correction can be performed in hardware.
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Hredzak and Guo (79) earlier presented an elec-
tromechanical ring with actively positioned bal-
ancing members as a compact actuator concept for
variable imbalance. These concepts are promis-
ing, but face translation challenges to utility-scale
wind turbines (environmental sealing, service ac-
cess in nacelles, actuator energy/autonomy, and
mass-metering accuracy at large radii).

In wind applications specifically, individual
pitch control (IPC) can mitigate the asymmetric
1P/3P loads arising from rotor mass or aerody-
namic asymmetries. Zhang et al. (67) proposed
a PI-R IPC architecture in the hub frame and
showed, via FAST simulations on the NREL 1.5
MW turbine that balanced and unbalanced com-
ponents can be effectively attenuated with con-
troller design alone. Subsequent wind energy
studies have refined IPC and related yaw/pitch
strategies, but these do not change the rotor mass
properties; residual unbalance remains, and miti-
gation bandwidth can be limited by actuator au-
thority and structural mode interactions.

Taken together, the prior art spans (i) trial-
weight-based field balance that is robust but man-
ual and intrusive (42,73); (ii) passive ABBs that
excel at steady-state 1x suppression but suffer
transient amplification and scaling limits (74,75);
(ii1) rejection that is powerful but replaces bearing
technology and adds substantial cost/complexity
(76,77); and (iv) online active balancers proven in
spindles but not yet adapted to the environmen-
tal and access constraints of utility-scale turbines
(78,79). In contrast, the considered system is ar-
chitected for continuous, trial-weight-free esti-
mation under nonstationary wind operation and
closed-loop, hub-integrated mass recentering,
bridging the gap between diagnostic detection
and true online mass correction while retaining
compatibility with conventional drivetrains.

EXAMPLE OF POSSIBLE APPLICATION
OF AN AUTOMATIC BALANCING SYSTEM
IN WIND TURBINES

According to Niebsch and Ramlau (11), rotor
imbalances can be categorized as mass and aero-
dynamic imbalances. Mass imbalances arise from
inhomogeneous mass distributions of the rotor, in-
cluding the blades and hub. Mass imbalances can
be eliminated or reduced by balancing counter-
weights. Aerodynamic imbalances arise from de-
viations in the aerodynamic properties of blades.

This leads to different thrust and tangential forces
and moments, which depend not only on the ro-
tational frequency but also on the wind speed. In
addition to lateral vibrations, they induce axial
and torsional vibrations in wind turbines. The
main reason for the aerodynamic imbalance was
the relative deviation of the blade pitch angles.
This can be eliminated only by correcting these
angles. Additional masses were not helpful. In
practice, both types of imbalance are frequently
observed, both separately and in combination.
Wind turbines may sometimes have systems to
correct the pitch angle to eliminate aerodynamic
imbalance (14). Until now, there have been no
such systems that could eliminate the mass imbal-
ance in wind turbines during operation, and the
aim was to eliminate this kind of unbalance. It
was assumed that the pitch imbalance is corrected
with the appropriate systems (80), and then only
the mass imbalance is acted with.

Figure 14 presents the concept of using a bal-
ancing method with a continuous correction mass
distribution applied to a wind turbine. The system
was designed to measure the current vibration of a
wind turbine bearing. The vibration caused by the
imbalance caused by the mass of ice accumulated
on a given turbine blade can be reduced by filling
the opposite chambers with correction fluid. The
arrangement of the chambers along the interior of
the blade allows the volume of the chambers to be
filled with fluid proportional to the given imbal-
ance. Furthermore, controllable input and outlet
valves allow continuous control of the amount of
fluid accumulated in the hydroaccumulators, ac-
cording to the scheme:

e inlet valve for the hydraulic tank (hydro
accumulator),

e discharge valve for the hydraulic tank (hydro
accumulator),

e hydraulic tank (hydro accumulator) inside the
turbine blade,

e hydraulic channels with inlet/outlet valves and
hydraulic tanks (hydro accumulators),

e rotary hydraulic connector supplying medium
(liquid) to individual channels (turbine blades)
from an external hydraulic system.

Placement of the balancing system inside the
wind turbine blade

Amoretti et al. (81) showed the configu-
rable dual-rotor wind turbine model based
on the BEM method. Hijazi et al. (82) show a
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Figure 14. Schematic showing the feasibility of using
a wind turbine balancing system with hydraulic tanks
inside the blades for fluid to correct the unbalance
caused by the ice layer mass

numerical investigation of the use of flexible
blades for vertical-axis wind turbines. In each
numerical model and practical application, there
is space inside the rotor blade, and in this one
compensation of mass could be added. Wang
et al. [65] showed that an example of coupled
aerostructural shape and topology optimization
of horizontal axis wind turbine rotor blades was
presented by Wang et al. (83) To regulate the po-
sition of the resulting correction mass, a wind
turbine blade was proposed using hydraulic ac-
cumulators capable of storing single volumes of
correction fluid. Figure 15 shows a cross section
of a single wind turbine blade with the correc-
tion tanks in serial connection inside.

The geometry of the wind turbine blade allows
the hydro accumulators to be arranged inside the
wind turbine housing, assuming that various cor-
rection tanks will be used, such as Hydro Leduc’s
hydro accumulators. Placing a fluid tank near the
tip of the wind turbine may be inappropriate. It

can significantly alter the inertia of the blade, with
adverse effects on the pitch actuators and blade
fatigue. The location of such a tank must be opti-
mized. There is a linear dependence between the
imbalance force and the mass of the imbalance
and its distance from the axis of rotation. The dis-
tance could be shortened twice and a double im-
balance mass could be used, and the same value of
the imbalance force would be obtained.

The largest tanks (ABVES50) will be located
at a distance between 2 and 10 meters from the
axis of rotation of the rotor, towards the tip of
the blade. Then, at a distance between 11 and 31
meters, smaller tanks (ABVE32) will be placed,
and the smallest tanks (ABVE20) will be placed
at a distance between 32 and 42 meters. The dis-
tance between successive tanks will be 2 meters.
With the tank scheme adopted, the maximum
imbalance will be 17,900 kg-m, generating a
centrifugal force of 28,238.53 N. A summary of
the imbalance is given in Table 1. In the adopted
simulations, the wind turbine rotates at a speed
of 1.256 rad/s (approximately 12.1 rpm), result-
ing in centrifugal forces from the imbalance
mass. A table with the locations of each type of
correction tank (hydro accumulator) for the set
speed is presented below. A Hydro Leduc, type
ABVE, was suggested for the selection of the
correction tank. A drawing of this hydro accu-
mulator is shown in Figure 16.

NUMERICAL ANALYSIS OF THE
IMBALANCE OF A WIND TURBINE

The Finite Element Method (FEM) is a pow-
erful engineering tool that enables the solving
of complex mechanical and structural problems
by discretizing the area of analysis into smaller,
more manageable elements. Specifically, in the
realm of machine dynamics and rotor dynam-
ics, FEM facilitates a detailed examination of the
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Figure 15. Cross section of a wind turbine blade with correction tanks
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effects of imbalance, centrifugal forces, stresses,
vibrations, and other factors that could impact the
performance and stability of the system (85). The
equation of motion is shown below:

MX(t) + Cx(t) +

+Kx(t) = F(t) )

where: M denotes the system’s mass matrix, C
represents the damping matrix, K is the
stiffness matrix, x symbolizes the displace-
ment vector, X and ¥ are the first- and sec-
ond-time derivatives of displacement, sig-
nifying velocity and acceleration, respec-
tively, F(¢) is the vector of external forces
acting on the system, dependent on time.

This equation reflects the dynamics of the
system, taking into account the influence of mass,
damping, and stiffness on the behavior of the ro-
tors under various external forces. Solving this
equation allows for the determination of displace-
ments, velocities, and accelerations of rotor ele-
ments over time, which is crucial for understand-
ing and predicting system behavior under load.

The force acting on the shaft is added by un-
balance (86). The applied forces have sinusoidal
character described by the following equation,

F, = Fcosw(t) (8)

The numerical solutions of the above dif-
ferential equations include dynamic coefficients
(87,88). The equations including these coeffi-
cients are presented below.

e LR s EOR
kew ey E.(t) ©)
+[kyx ky]"(t)=[Fy(t)'

The analysis of wind turbine rotor imbalance
requires precise understanding and modeling of
rotor dynamics, where FEM plays a pivotal role.
Rotor imbalance can lead to undesirable vibra-
tions, increasing the risk of machine damage or
even failure. Utilizing the equation of motion

Table 1. Hydroaccumulator dimensions (84)

Charging valve

Bladder

Figure 16. Correction tank

within the FEM context allows for a detailed
analysis of the system’s response to imbalance,
facilitating the identification of potential issues
and the development of mitigation strategies.

The integration of theoretical FEM principles
and the differential equation of motion serves as
a foundation for further discussions on the spe-
cifics of analyzing wind turbine rotor imbalance.
Understanding these fundamental concepts is
essential to fully grasping the complexity of the
problem and the methods used for its resolution,
which will be elaborated on in subsequent sec-
tions of the article.

This chapter shows an example of a numeri-
cal analysis that confirms the feasibility of the
concept of a unique, patented, automatic balanc-
ing system first applied to wind turbines. To test
the applicability of the method, a new numerical
model was needed. The article was focused on
the rotor-dynamic performance of a wind turbine

Max. pressure (bar) | Mass (kg) Dimensions (mm)
ABVE Nitrogen capacity Vo (liters)
A B ac @D JE OF G
ABVE 20 17.6 330 45 878.4 102 223 101 76 G2’ 65.4
ABVE 32 32.7 330 80 1,403.4 102 223 101 76 G2’ 65.4
ABVE 50 48.9 330 110 1,926 102 223 101 76 G2’ 73
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with a power of about 5 MW. Some analyses can
be found in a paper describing the design of a 6
MW turbine (89), but the analysis presented in
the paper is mainly focused on the blade of this
wind turbine. Kusnick et al. (90) also provided
information on this issue, but focused on the na-
celle and blade measurements. This paper bridges
that gap by showing how an automatic balancing
system for wind turbines can improve their safety.
This is the first attempt reported in the literature
to implement this system for wind turbines.

To model the effect of the automatic balanc-
ing system on the wind turbine, a beam model
was created in Madyn 2000 software. The shaft
geometry corresponds to that of a 5 MW offshore
turbine and was modeled after the report by Jonk-
man et al. (11). Figure 17 shows a schematic
drawing of a wind turbine with basic dimensions.

Description of the numerical model

The nominal speed of the wind turbine is 12.1
rpm. The rotor shaft was modeled using 60 beam
elements. The rotor blades were modeled as ad-
ditional sections located above the beam elements
from number 5 to number 14. Steel with a density
of 7.860 kg/m* was assumed as the entire shaft.
The wind blades were modeled using a disc (with
steel parameters), the density of which was re-
duced to provide the same mass as the three rotor
blades. The shaft was based on junctions 29 and
49. The 3D model of the wind turbine along with
the coordinate system is shown in Figure 18 (a).
Part (b) presents a close-up of the central portion
of the rotor with the bearings marked. The blue
color indicates the blades of the wind turbine. The

working principle of automatic balancing was
analyzed. The system aimed to minimize lateral
vibration. The torsional and axial vibrations were
not analyzed because they usually do not have a
direct impact on lateral vibrations. During the nu-
merical calculations, stable wind conditions were
assumed, and because of that, during the opera-
tions, there was no need to act as the controller.

The shaft of the wind turbine is inclined to the
horizontal axis by 5 degrees, which was realized
in the numerical model by appropriately dividing
the gravitational force; 95% of its value was di-
rected perpendicularly to the rotor axis (y direc-
tion), while 5% of its value in the perpendicular
direction (x direction).

The design retains the same overall dimen-
sions as those of the offshore 5 MW wind turbine.
The distance between the hub and the first bearing
is 1.900 mm and the distance between the bear-
ings is 2.000 mm. The weight of the hub is 56,800
kg and the mass of the blades is 17,700 kg. In-
cluding the shaft, the total weight of the rotor is
110,000 kg. The total length of the rotor was 6
m, while the diameter of its blades was 126 m.
In practice, the shafts of wind turbines on which
the blades are located are connected to the power
generator using the appropriate gears. The most
common type of gearbox is a two-stage planetary
gear combined with a helical gear. This arrange-
ment allows the speed to increase from 12.1 rpm
to 1,173.7 rpm with a 97:1 gear ratio (92). As
part of the dynamic analyses performed, only the
first rotor, including the blades, was included in
the model. The part related to the gearbox and
generator was not included because it only slight-
ly affects the lateral vibration and imbalance of
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Figure 17. Schematic of a 5 MW offshore wind turbine according to (91)
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Figure 18. (a) 3D model of the wind turbine, including the coordinate system; (b) view of the shaft,
including bearings

the turbine blades, and this was the main focus
of the analysis. The calculation model used does
not allow for including aeroelastic forces coming
from the blades of the wind turbine.

There are many possible bearing arrange-
ments for offshore wind turbines, as presented by
Torsvik et al. (93). The authors presented develop-
ment trends and design requirements. The bearing
parameters were adopted from the publication of
Nejad et al. (35). The first bearing was a CARB
(Compact Aligning Roller Bearing) type bearing
with an outer diameter of 1.750 mm, an inner di-
ameter of 1.250 mm, and a width of 375 mm. The
second type of SRB bearing (spherical roller bear-
ing) has an outer diameter of 1,220 mm, an inner
diameter of 750 mm, and a width of 365 mm. A
summary of the parameters is given in Table 2.

Bearing stiffness can be defined according to
Equation 3:

K= [k 00000k 0000k 000k, 00sym.k Ok ]

The stiffness coefficients were adopted based
on the publications of Nejad et al. (35). The

damping coefficients were adopted based on the
data presented by Zeillinger (94). A summary of
these data is presented in Table 3.

The main forces that act on a wind turbine
come from airflow. The load can be assumed to
be equal to the values reported by Guo et al. (95),
which are summarized in Table 4. Lindenburg et
al. (89) was 3.42 MN-m. It is numerically impor-
tant to determine the effect of support (96). This
happens because the frequency of rotation is differ-
ent from the frequency at which the floating plat-
form moves. To show how the imbalance affects
the wind turbine, the support was treated as rigid.

Imbalance cases analyzed

Inequality may occur due to poor manufac-
turing; however, before commissioning a turbine,
technicians generally rebalance the rotor by add-
ing compensating masses to achieve a residual im-
balance (G16) that is considered safe for operation
(90) System imbalances can come from different

Table 2. Properties of the NREL offshore 5-MW baseline wind turbine

Items Unit Specification

Rotor, hub diameter M 126.3
Cut-in, rated, cut-out wind speed m/s 3,11.4,25
Cut-in, rated rotor speed rpm 6.9, 12.1
Overhang, shaft tilt, precise m, deg, deg 5,525
Rotor mass kg 110,000
Nacelle mass kg 240,000
Nacelle size (length, width, height) m 19,6,7
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Table 3. Damping stiffness coefficient values

Fx [kN] Fy [kN] Fz [kN]

Mx [kNm] My [KNm] Mz [kNm]

255 -180 -1.300

5.000 -14,000 -5.500

sources, for example, acroelastic phenomena, me-
chanical problems, and icing. In the article, the
authors did not distinguish between these phe-
nomena, but the calculation cases that include the
worst-case scenario were used for the calculation
(the highest imbalance), because under these con-
ditions balancing would be the most demanding.
The presence of aerodynamic imbalances in addi-
tion to mass imbalances would lead to additional
lateral forces, but the authors assumed in this mod-
el that acrodynamic imbalances were not present.
The paper analyzed three computational cases with
different imbalance values. The first case assumed
an imbalance of 1.400 kg-m. It is based on the ISO
1940-1 standard (58) for G16 balance grade G16
and has a rotor speed of 12.1 rpm. Table 5 shows
a summary of the imbalance values for the three
cases 5. A graphical representation of the imbal-
ance is shown in Figure 19. There are a couple of
ways to fill the tanks. The hydraulic swivel joint
could be used. In this scenario, the fluid that will
be used to fill the container may be stored in the
wind turbine tower.

In the second case of imbalance analyzed, it
was assumed that the wind turbine blade was icy
during operation. According to the literature, the
imbalance of an iced blade of a 5 MW wind tur-
bine can be assumed to be 21,000 kg-m. The cal-
culation assumes the most dangerous case from
a dynamic point of view, i.e. the sum of the im-
balance due to ice and the maximum allowable
imbalance. Therefore, the total imbalance was
22,400 kg-m.

In the third calculation case, the operation of
the automatic balance system was considered. An

Table 4. Wind turbine load values are based on (95)

Bearing Kk, [N/m] ky [N/m] k, [N/m]
Bearing No. 1 0 1.5-101 1.5-10"
Bearing No. 2 4.06-108 1.54-10" 1.54-10"°

kB [rad/s] kV [rad/s]
Bearing No. 1 5-108 5-108
Bearing No. 2 0 0

c, [N-s/m] c, [N-s/m]
Bearing No. 1 1.000 1.000
Bearing No. 2 1.000 1.000
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imbalance of 22,400 kg'm was left on one of the
blades. Balancing masses of 15,000 kg:m each
were added to the other two blades placed at 120°
and 240°. The total imbalance was thus 7.400 kg-m,
a value almost three times smaller than the earlier
value taken in the second case of calculation.

Analysis with maximum
permissible imbalance (Case )

The research included calculations for the
maximum allowable imbalance according to
grade G16, which is 1.400 kg-m. The results can
be found in Figures 21-27. Figure 20 presents
the first two forms of natural vibration, which
occurred at 6.61 and 59.85 Hz. After comparing
these values with a rotational speed of 12.1 rpm
or 0.202 Hz, it was found that in the nominal
speed range and during the upwind, the wind
turbine is not affected by resonant vibrations of
the entire rotor.

Figure 21 shows the displacements (a) as well
as the forces and moments acting on the wind
turbine shaft. There are no experimental data in
the literature for the operation of a 5-MW wind
turbine with which the results obtained can be di-
rectly obtained. The results obtained for the three
calculation cases analyzed can be compared with
each other to obtain a picture of how different val-
ues and imbalance configurations affect the dy-
namic properties of the wind turbine. In the case
analyzed, the peak-to-peak displacement values
were approximately 4 um, the maximum forces
in the bearings were approximately 3.000 N, and
the bending moments were approximately 4.000
N-m. The reduced stresses were small and did
not exceed 0.1 MPa (Figure 22). The trajectories
at the central part of the hub, i.e., at node 10 are
shown in Figure 23. The figure shows that the di-
ameter of this trajectory was less than 3 pm.

Analysis of the imbalance caused
by an iced wind turbine blade (Case II)

An imbalance of 22,400 kg-m was assumed
for the numerical calculations. This is a summa-
tion that considers the value of the maximum
allowable imbalance (according to the balance
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Table 5. Summary of imbalance cases

Case No. | Blade No. | Angle [] Imbalance value

[kg-m]

1 0 1.400
Case | 2 120 0
3 240 0

1 0 22,400
Case Il 2 120 0
3 240 0

1 0 22,400

Case lll 2 120 15,000

3 240 15,000

grade G16) and the imbalance of the wind turbine
blade due to ice. The results of displacements and
bending forces and moments are shown in Figure
24. The peak-to-peak displacements were approx-
imately 45 pm. The maximum forces were about
50,000 N while the moments were about 50,000
N/m. The trajectories showing the displacements
of the hub at an unweighting increased by fifteen
times compared to the first calculation case are
shown in Figure 25. It can be seen that the vibra-
tion has increased from 3 pm to about 45 pm.

Analysis after balancing process (Case Ill)

In the third calculation case, the imbalance
modeled earlier for one blade of the wind tur-
bine was also applied to the second blade (at
node 11) and the third (at node 9) of the turbine.

Therefore, the total imbalance was 21,000 kg-m,
15,000 kg'm, and 15,000 kg-m. The total residual
imbalance was 7.400 kg-m. There was an angle
of 120 degrees between the imbalances. The dis-
placement values are summarized in Figure 26
(a), while the force and moment values are shown
in Figure 26 (b). The trajectories for the hub are
shown in Figure 27. The peak-to-peak displace-
ment value for node 10 was approximately 15 um.

The results for the second and third calcula-
tion cases are very close to each other. This is
because the two imbalances operate at different
angles. Since the imbalance should be treated as
a vector, therefore, its real effect on the structures
despite the doubling of the imbalance did not re-
sult in double displacement values.

MECHANICAL FATIGUE

Mechanical fatigue in wind turbines is mainly
due to material degradation under cyclic load-
ing. In the case of wind turbines, which are ex-
posed to regular load changes during operation,
mechanical fatigue results in a loss of structural
life of components such as shafts, bearings, or
blades (97,98). During the initial life of a wind
turbine, structures and components subjected to
cyclic loads may be subjected to microcracks and
microdamage. They may not be visible to the na-
ked eye, but represent the beginning of the fatigue
process. Over time, cracks can grow, and this pro-
cess can be accelerated by imbalance, adverse

Unby,, Unby,
e E— > - >
Unb & Unb, o a, = 120° J =
! S @+ o, = 240°
l l.:ﬂb““\ Unb,:u,\
o
Yv Yy Unb, Yy
Unb, = 1 400 kg'm Unb, = 1 400 kg'm Unb,,, = 22 400 kg'm

Unb,,, = 21 000 kg'm Unb
Unb,, =22 400 kg'm

(a) (b)

15 000 kg-m

Unby, =15 000 kg-m

(c)

Figure 19. Graphical representation of the imbalance for the three cass analyzed:
(a) ISO 1940 grade G16 permissible imbalance — 1.400 kg-m, (b) a summed imbalance of the ice blade
and residual imbalance — 22,400 kg-m, (c) imbalance after the balance system tripped — 7.400 kg-m
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Figure 20. The first two forms of transverse vibration for frequencies: 4.26 Hz (a) and 57.88 Hz (b)
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Figure 21. (a) Displacements at an imbalance of 1.400 kg-m, (b) forces and moments

(a) ‘i‘

Figure 22. Reduced stresses

weather conditions, and changes in direction and
force. This phenomenon leads to increased stress-
es and accelerates the process of structural deg-
radation. Mechanical fatigue leads to structural
failure or component failure. These may include
not only blade fractures, but also bearing damage
or shaft deformation. This requires replacement
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of the damaged parts or even entire turbines. It
is necessary to monitor the technical condition of
wind turbines as well as perform regular main-
tenance and inspections. These include tracking
rotor imbalance, aerodynamic asymmetry, sur-
face roughness, and overall performance, as well
as stress and strain measurements (99). Without
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Figure 23. Trajectory: a) displacements, b) accelerations of the hub with an imbalance of 1.400 kg-m
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Figure 24. (a) Displacements in an imbalance of 22,400 kg-m, (b) forces and moments
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Figure 25. Trajectory: (a) displacements, (b) accelerations of the hub with an imbalance of 22,400 kg-m
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Figure 26. (a) Displacements in an imbalance of 7.400 kg-m, (b) forces and moments
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Figure 27. Trajectory: a) displacements, b) accelerations of the hub, with an imbalance of 7.00 kg-m

implementing such measures, potential prob-
lems can go unnoticed, leading to the possibility
of more severe damage resulting from mechani-
cal fatigue processes. Fatigue damage for the
designed service life of the turbine is evaluated
using the Goodman diagram and the S-N curve
(stress vs. number of cycles).

The design life of the main shaft bearing is 20
years. In the prediction of paper (100) the fatigue
life of a main shaft bearing was investigated:
240/630CA/W33 double row self-aligning roller
bearing. The S-N curve of the main shaft bearing
is expressed by Equation 1:

q(Kr—1) +1
epCe

where: N is the fatigue life; C and o are material
constants; S is the maximum stress or the

N=CS= c{ 5_1}_ (10)
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stress amplitude under a certain stress ra-
tio; g is the notch sensitivity factor; K is
the theoretical stress concentration factor;
¢ is the size factor; f is the surface quality
factor; CL is the loading method, S-1 is
the stress amplitude of the component.

The fatigue life of the main shaft bearing (t) is
calculated by Equation 2:
N

L= 365 % 24 x 601 (11)

On the basis of the results of contact stress
analysis, according to the nominal stress ap-
proach and the cumulative fatigue damage rule,
the fatigue life of a wind turbine can be predicted.

The bearing of the main shaft is 24.07 years
under the combined action of different working
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conditions. The prediction result complies with
the requirement of the 20-year design life of a
wind turbine. Mechanical parameters required for
fatigue analysis, such as load cycles, maximum
stress, minimum stress, mean stress, stress ampli-
tude, and equivalent stress, are obtained from the
sample spectrum data collected during short-term
operation (101). The wind-induced load that fluc-
tuates in real time is irregular and stochastic, and
the corresponding load history intricately influ-
ences the fatigue life of the components.

CONCLUSIONS

This article discussed a new method that
can improve the safety and efficiency of wind
turbines by automatically balancing them. The
solution involves using a correction fluid to ad-
dress any imbalances in the blades that may arise
from factors such as ice accumulation. Correction
elements are inserted within the turbine blades,
and an automatic balancing system prolongs the
turbine’s service life while boosting its safety.
The article also provides information on the bal-
ance of the rotor and how imbalances can lead
to fatigue loading, ultimately resulting in blade
breakage. By implementing this proposed solu-
tion, wind turbines can operate more efficiently,
reducing downtime and maintenance costs result-
ing from imbalances.

In this paper, a 3D model and an analysis of
a 5 MW offshore wind turbine were carried out,
considering rigid support and bearing stiffness.
The study examined the effects of varying the
imbalance values on the vibrations generated
by the wind turbine. It was discovered that an
automatic wind turbine balancing system could
be implemented for wind turbines and that blade
icing could cause an imbalance that exceeds the
ISO 1940-1 standard. After the balancing pro-
cess, the vibration level dropped to an accept-
able value according to the same standard. The
simulations confirmed that an automatic wind
turbine balancing system could be implemented
for wind turbines.

The fatigue analysis performed shed light on
the degradation processes of wind turbine com-
ponents under cyclic loads, offering perspectives
on increasing the durability of turbines through
optimization of the balancing processes. The fa-
tigue analysis also highlighted the importance of
precise balance to prevent fatigue damage, which

can significantly affect the long-term performance
and safety of wind turbines.

Rotor imbalances can be classified into mass
and aerodynamic imbalances. Mass imbalances
arise from the uneven distribution of the rotor’s
mass, while aerodynamic imbalances are caused
by deviations in the aerodynamic properties of
the blades. Both types of imbalances can cause
vibrations in wind turbines, but aerodynamic
imbalances can also induce axial and torsional
vibrations. The possibility of minimizing aero-
dynamic imbalance using an automatic balancing
system is an area for future research. The main
cause of aerodynamic imbalance is the relative
deviation of the blade pitch angles, which can be
corrected by adjusting these angles. Additional
masses are not helpful in this case. To eliminate
mass imbalance, an automatic balance system is
needed, independent of other wind turbine sys-
tems. The system is triggered by unbalance in the
system, such as ice on the blade, as well as de-
creases vibration levels, improving the dynamic
properties of the rotor and extending the lifetime
of the drivetrain.

Implementing effective condition monitor-
ing and maintenance strategies is essential to
optimize wind turbine performance and service
life, thus supporting sustainable energy genera-
tion. Evolving policies and regulations help to
maintain sustainable decommissioning of wind
turbines, ensuring alignment with broader envi-
ronmental goals. By integrating sustainable prac-
tices throughout the life cycle of the turbine, the
wind energy sector enhances its role in combat-
ing climate change and promoting environmen-
tal stewardship. This approach ensures that wind
energy remains a sustainable and responsible op-
tion for the future, and increasing the reliability
of the turbine aligns with the principles of the
circular economy, promoting efficient use and
waste reduction.
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