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Abstract

Electrical strain gauges are essential for monitoring wind turbine tower loads and fatigue,
but accurate load measurements from these sensors require calibration over time to cor-
rect the zero-drift found in long-term measured signals. Calibration is often performed
using nacelle rotation events for cable untwisting, where the tower mechanical load is
known; however, non-uniform solar heating during these events can introduce thermal
stresses that are misinterpreted as drift, causing systematic errors. This study evaluates
six preprocessing methods for correcting zero-drift and thermal stresses in strain gauges,
using measurements from two tower cross-sections—one with temperature sensors and
one without. Performance is quantified using the scatter of the 10 min mean bending
moments in the fore-aft and side-to-side directions and the cumulative fatigue damage
over the monitoring periods. Results show that modelling the thermal stresses using a
linear regression model with temperature measurements as inputs yields the most physi-
cally consistent load curves. If temperature measurements are unavailable, the effects of
thermal stresses can be partly mitigated by restricting calibration to nighttime events or
using solar-position variables in a regression model (instead of temperatures). As expected,
the choice of preprocessing method significantly impacts load curves, but its influence on
fatigue damage estimates is limited.

Keywords: structural health monitoring; strain gauges; zero-drift correction; thermal stress
correction; cable untwisting events

1. Introduction

The transition to renewable energy is essential to mitigate the negative environmental
and economic impacts of fossil fuel use, a process in which wind energy plays a central
role. As of 2024, Europe had 285 GW of installed wind capacity, with wind making up
19% of the consumed electricity in the European Union [1]. Many wind turbines are now
approaching or have exceeded their original design life of around 20 years, prompting
operators to consider life extension strategies. This trend has driven increasing research
interest in the structural health monitoring (SHM) of wind turbines as a means to assess
both the technical feasibility and the economic viability of extending service life [2].

Strain gauges are a common component of SHM systems for both onshore and off-
shore wind turbines [3-5], supporting applications ranging from modal identification and
tracking [6] to estimating structural responses at unmeasured locations [7] and tuning
numerical models [8]. All such applications rely on the accurate calculation of structural
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loads from the strain gauge measurements. Furthermore, since fatigue is a dominant design
driver in wind turbine towers [9], estimating fatigue damage has become one of the most
common uses of SHM systems with strain gauges [10,11].

Transforming strain measurements into load estimates and fatigue predictions requires
careful preprocessing. Electrical strain gauges are prone to slow zero-drift, which becomes
significant in long-term monitoring. In wind turbines, this drift is often estimated using
cable untwisting events, during which the nacelle’s rotation imposes a known load that
enables calibration. In general, these events do not occur in isothermal conditions, which
may cause thermal stresses to bias zero-drift estimation, leading to systematic errors in
load and fatigue calculations [12].

This work compares six approaches for deriving a correction function that converts
the strain measurements recorded during cable untwisting events into mechanical stress
by removing zero-drift and thermal stress. Their performance is assessed on long-term
data from two instrumented cross-sections in a utility-scale wind turbine by comparing
the scatter in bending moment-wind speed curves and the fatigue damage across the
instrumented cross-sections. It is shown that the choice of preprocessing method has a
significant impact on load estimation. On the other hand, as expected, fatigue damage
estimates at the instrumented cross-sections are shown to be only marginally affected by
the choice of method.

The results offer practical guidance for selecting preprocessing strategies for strain
gauge measurements in wind turbine towers, taking into account the available instrumen-
tation, the occurrence of cable untwisting events, and the intended application. When
precise load estimates are required, modelling thermal stresses from local temperature mea-
surements is recommended. If temperature data are not available, calibration restricted to
nocturnal untwisting events (when conditions tend to be isothermal) can partially mitigate
thermal effects, but only if a sufficient number of nighttime events exist. As an alternative,
regression models based on solar-position proxies can improve load estimates without
extra sensors, although with lower quality than using direct temperature measurements.
For fatigue assessment, however, the choice of preprocessing method has a negligible
impact, and simpler correction schemes that do not attempt to remove thermal stresses
may be adequate.

2. Background
2.1. Structural Health Monitoring of Wind Turbine Towers

SHM systems are increasingly used in wind turbine towers. Depending on the moni-
toring objective, SHM systems may target different response quantities, most commonly
vibrations or strains, with the latter being especially relevant to quantify structural loads
or fatigue damage. Electrical strain gauges are very common due to their low cost and
compatibility with long-term continuous measurements. Fiber-optic sensing technologies,
such as Fiber Bragg Grating (FBG) strain gauges, provide a high-accuracy alternative, with
multiplexing capability and immunity to electromagnetic interference, albeit with a higher
cost [13]. Some disadvantages of strain gauge measurements include their sensitivity to
temperature, the need for calibration and maintenance for long-term deployments, and
their point-wise nature, which limits spatial resolution.

Non-contact measurement techniques, including Laser Doppler Vibrometry (LDV) [14]
and Digital Image Correlation (DIC) [15], may circumvent some limitations of more tradi-
tional strain gauges. These methods provide full-field accurate and robust measurements
of structural responses without physical contact with the structure. Nevertheless, their
application to operational wind turbines is constrained by practical factors such as line-of-
sight requirements, high deployment costs, and limited suitability for continuous long-term
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monitoring. As a result, strain gauges remain the predominant sensor for long-term load
and fatigue assessment, and are the focus of the present work. A more detailed comparison
of different sensing techniques can be found in [16].

2.2. Load Calculation from Stress Measurements

Tower bending moments are among the most important indicators for structural
characterisation of wind turbines and one of the primary quantities of interest in this study.

Under plane-stress conditions, the circumferential distribution of the stress ™" caused
by bending is given by
mech — My _ Y &
oM (9) = W o8 0 W sin 0, (1)

where W is the elastic section modulus, 6 is the circumferential angle, and My and M,
are the bending moments about the x and y axes, respectively (see Figure 1). Following
previous studies [10], the stress due to axial loads is not taken into account, as it is assumed
constant and ™" (9) is a variation about this mean stress.

g

N a(0)

Figure 1. Tower section coordinate system.

The bending moments are calculated from stress measurements. For a set of N

measurements {o7""}

atangles {6;} around a section, Equation (1) yields the linear system
(2), which is solved exactly for M, and M, when N = 2 and estimated by least-squares

when N > 2.

cosfly —sinfy cri"“h
1 | cosfp —sinb; M, crgl“h
W . . M = . (2)
Y :
cosfy —sinfy aﬁ“h

The turbine yaw angle () defines the orientation of the rotor and nacelle relative to
the x-y reference frame. The yaw angle varies with time to align the rotor with the wind
direction, leading to the definition of the time-varying fore—aft (FA) and side-to-side (SS)
directions, which are aligned with and perpendicular to the rotor plane, respectively, as
shown in Figure 2.

Therefore, an accurate calculation of fore—aft and side-to-side bending moments re-
quires precise knowledge of the bending-induced stress at the sensor locations, (Ti'”“h.
However, in practice the measurements include additional components due to temperature

effects (both physical and sensor-related) and zero-drift, as seen in the following sections.
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Figure 2. Rotation to FA and SS.

2.3. Thermoelastic Strains and Stresses in Circular Sections

Temperature variations around the section can alter the local strain and stress fields.
As illustrated in Figure 3, the circumferential temperature distribution T(#) can be decom-
posed as a first-harmonic part (corresponding to a uniform temperature change Ty and a
linear temperature gradient around the section with amplitude T; and phase 0;), plus the
remaining higher-order part T(6):

T(8) = Ty + Ty cos(8 — 0;) + T(6). @)

To

ffff —— Total T(6)

——= To+ T1c0s(6 — 6;)
Stress-producing T(6)

Temperature T

==

Circumferential angle 6
Figure 3. Components of circumferential temperature distribution around a circular section.

In a circular section in an isostatic structure, the first-harmonic terms induce free
thermal strains without generating internal stresses. In contrast, the higher-order part T(6)
produces a self-equilibrated thermal strain field e™'(#) and the associated stress field o (8).

The corresponding total circumferential strain is therefore given by Equation (4), where
&pr 1 the thermal expansion coefficient of the tower material [17].

€(0) = €™M (0) + arwr (To + Ty cos(6 — 61)) +€™(6), (4)

Accordingly, the total stress o (0) is given by

o(0) = ™ (9) + oM (0) (5)

Therefore, the actual stress is not always equal to the bending stress in Equation (1),
since thermal stresses o"'(8) may be superimposed on it. This is especially relevant for
wind turbine towers, where the temperature distribution can be expected to be determined
mostly by solar heating, which rarely produces a first-harmonic distribution. An accurate
calculation of bending moments requires removing these thermal stresses from the mea-
surements. In previous works [10,11], thermal stresses have been mitigated by removing
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the means between diametrically opposed sensors, thus enforcing the symmetry that is
characteristic of Equation (1). However, this approach may not always remove all thermal
stresses, depending on the distribution of T(6).

2.4. Electrical Strain Gauges

Electrical strain gauges are often employed to obtain the stress values at specific
locations on wind turbine towers. These sensors measure strain by detecting small changes
in the electrical resistance R of a metallic foil when deformed. Since these resistance changes
are typically very small, strain gauges are commonly used in a Wheatstone bridge circuit,
which arranges four resistors in a way that amplifies the measured resistance variation.
When all four resistors in the bridge have equal resistance R, the output voltage Vj is
related to the input voltage Vs through Equation (6), where GF is the gauge factor (given
by the manufacturer and usually close to 2) and €, ; are the strains at the locations of the
four resistors within the bridge.

A‘ZO = %(%,1 —€p2 €3 — €p4) (6)

Wheatstone bridges can be deployed in configurations where one, two, or four of the

resistors are strain gauges, which are, respectively, known as quarter-bridge, half-bridge, or
full-bridge. The remaining resistors can be dummy gauges (not subject to mechanical strain

but affected by temperature in the same way as the active gauges) or fixed resistors. Raw

raw
1
the bridge configuration.

strain measurements €/*“ can be obtained by applying Equation (6), taking into account

Measurement using electrical strain gauges introduces some additional components
to the recorded signal, which must be accounted for. These components are related to
temperature variations and the long-term drift of the signal’s zero value and are described
in the following sections.

2.4.1. Effect of Temperature in Strain Gauges

Several temperature-dependent effects can influence the bridge output, depending on
the configuration of the strain gauge bridge [18]:

¢  Thermal expansion: If the strain gauge’s thermal expansion coefficient ag¢ differs
from that of the structure ay,, a thermal mismatch strain (a4,r — agg)AT appears in
the measurement. This effect can be corrected if both coefficients are known; however,
it is ideally minimised by using self-compensated strain gauges, designed so that agg
matches the ayy,, of the structure.

*  Apparent strain: Even in self-compensated gauges, a residual thermal component
remains, known as the apparent strain eapa,(AT). Its dependence on temperature is
typically provided by the manufacturer.

*  (Cable resistance effects: Temperature-induced changes in cable resistance can also
influence the measured voltage. These effects are compensated by employing ap-
propriate multi-wire configurations (e.g., 3- or 4-wire techniques), which ensure that
resistance variations cancel within the Wheatstone bridge.

*  Other effects: Other temperature-related effects include the temperature dependence
of the gauge factor GF and the self-heating of the gauge due to the excitation voltage.
However, these effects are generally small and are neglected in this study.

Temperature compensation and stress calculation is subsequently shown only for the
quarter-bridge and full-bridge configurations (the latter with two dummy gauges), as they
are present in the experimental setup (see Section 3.1). More details on strain gauge bridges
can be found in [19].
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*  Quarter-bridge: only one resistor is an active gauge, while the others have a fixed
resistance. Thus, the raw strain obtained by applying Equation (6) is

4AV,
raw

raw _ 7
€i GEV. @

A stress measurement can be obtained from this by compensating for thermal ex-

pansion and apparent stress and multiplying by the Young’s modulus E of the
tower material:

omess — | [et’ﬂw — (Ditwr — "‘SG)AT - €apur(AT)] ®)

1 1

e Full-bridge with two dummy gauges: two gauges are active, while the other two are
dummy gauges, which are not subject to mechanical strain but are affected by temper-
ature in the same way as the active gauges. This configuration inherently compensates
for thermal expansion and apparent strain effects, simplifying the calculation:

meas _ [ raw 2EAV

o = Be™ = “p ©)

2.4.2. Zero-Dirift in Strain Gauges

Zero-drift is the phenomenon where the output signal from a strain gauge shifts over
time, even when the actual mechanical strain on the structure remains constant. This can
occur due to factors such as changes in environmental conditions and long-term creep in
the gauge or adhesive [18]. In practice, these shifts manifest as a slowly varying offset in
the measured stress signal, which can lead to errors in the calculated structural loads if left

uncorrected. Thus, the measured stress 0]"**(¢) in sensor i has a time-dependent zero-drift

component ¢7(t), in addition to the mechanical stress 0"/ (t) and thermal stress 0" (t):

U,meaS(t) _ U.mech(t) + O.Eh(t) + a'izd(t) (10)

1 1

Previous studies have reported varying strain gauge drift behaviour in long-term
wind turbine monitoring campaigns, with the reported zero-drift behaviour varying across
studies. For example, one work found that the drift rate was on the order of 100 pe (or
21 MPa) per year, indicating a significant variation over time [11]. Another observed
that drift can vary more rapidly in certain periods while remaining almost constant in
others [10]. A third study reported that tower-mounted strain gauges exhibited no drift,
with the phenomenon being observed only on blade sensors [20]. In summary, strain gauge
zero-drift is difficult to model a priori and must be measured.

2.5. Strain Gauge Calibration Using Cable Untwisting Events

According to the IEC standard [21], zero-drift can be corrected using measurements
during cable untwisting events. These events consist of a controlled 360° rotation of the
yaw angle (defined in Figure 2), carried out to relieve accumulated torsion in the tower’s
internal cables due to repeated yawing during normal operation. They occur at low wind
speeds, meaning that the tower bending stress is primarily due to the weight of the rotor
and nacelle assembly, which has an overhang relative to the tower axis. Therefore, cable
untwisting events provide a consistent and known mechanical loading, contrasting with
the highly variable and unknown wind-induced loads during normal operation, making
them essential for strain gauge calibration.

Figure 4 depicts the yaw angle and the measured stress at one sensor during an
example event. As shown on the left side of the figure, the yaw angle () varies at an
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approximately constant rate. Consequently, the strain gauge records an approximately
sinusoidal stress response, as illustrated on the figure’s right side.

Yaw angle Measured stress
360 ‘ T

y(t) / \ —— omeas(t)
40 ——- B ’(1i)
270 / \
30

1 |/
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Figure 4. Yaw angle and a tower stress measurement during a cable untwisting event.

The measured stress in sensor i can be modelled as

o () = Asin(wt + @) + BY) (11)

1

where A is the amplitude, w is the yaw rotational speed, ¢ is a phase shift, and B,(li) is the
offset in sensor i during event # (also shown in Figure 4).
A comparison between Equations (10) and (11) shows that, if A sin(wt + ¢) adequately

models Ui’”“h (t), then the offset B,(f) is equal to the sum of the thermal stress and zero-drift

components during event n. If thermal stresses are negligible during the event, then Bg)
can reliably be used as an estimate of the zero-drift component (TiZd at that time. If, however,
thermal stresses are significant during the event—such as when there is significant solar
heating on only part of the section while the other part remains shaded—the offset Bﬁli)
will include both zero-drift and thermal stress contributions, and using it as an estimate of

zero-drift will introduce systematic errors in the load calculation.

2.6. Fatigue Estimation

The standard fatigue estimation approach [21,22] consists of processing stress time
series (Tl?"“h (t) using the rainflow counting algorithm [23], which identifies and quantifies
the individual load cycles present in the signal. The fatigue resistance of a material is
characterised by S-N curves, which define the number of cycles to failure N for a given
stress amplitude S. Fatigue damage is then estimated by summing the contributions of all

cycles using the Palmgren—Miner rule:

D= (12)

M=
zl=

I
—

Here, n; is the number of cycles with amplitude within a stress range Ac; and Nj is the
corresponding number of cycles to failure, as derived from the S-N curve. The resulting
damage indicator D, which aggregates the cumulative damage from M stress bins, ranges
from 0 (no damage) to 1 (expected failure). In the structural analysis of wind turbines,
fatigue damage is often calculated over 10-min intervals. This convention aligns with the
typical resolution of turbine operational and environmental data recorded by supervisory
control and data acquisition (SCADA) systems.
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3. Experimental Data
3.1. Sensor Setup

This study investigates the structural response of the tower of a multi-megawatt wind
turbine with a rotor diameter of 80 m and hub height of 67 m located in Portugal. The steel
tubular tower has circular hollow cross-sections varying in diameter from 4.038 m at the
base to 2.3m at the top. SCADA data from the turbine was available, providing 10 min
means of the main operational and environmental variables. Strain gauge measurements
were sampled at 5 Hz from two independent sensing systems, installed at two different
locations along the tower and during different time periods. The positions of the instru-
mented cross-sections, along with the corresponding sensor layouts and the turbine’s wind
rose, are shown in Figure 5. All sensors were installed vertically on the inner surface of
the tower, at four different positions in each section in order to capture the circumferential
stress distribution.

Cross-section A
Wind Speed Bins [m/s]
. 0-5
[ 5-10
. 10-15
15-20
>20

Figure 5. Experimental setup and wind roses.

Cross-section A, located near the upper part of the tower, consists of four sensing
units manufactured by Phoenix Contact (Blomberg, Germany), such as the one shown in
Figure 6a. Each sensing unit consists of a quarter-bridge resistive self-compensated strain
gauge and a co-located temperature sensor, a configuration which reflects a prioritization
of reduced installation complexity costs. The temperature measurements are used to
correct for the sensor’s sensitivity to temperature using Equation (8). More importantly, the
temperature measurements also allow for a more informed correction of thermal stresses
o'(6), which is the primary focus of this study. The measurements in this cross-section
were collected between August 2024 and March 2025.

Cross-section B, situated near the tower base, is instrumented with four sensing units,
as shown in Figure 6b. The sensing units are full-bridge resistive self-compensated strain
gauges manufactured by Hottinger Briiel & Kjeer (HBK, Darmstadt, Germany), with two
dummy gauges and two active gauges. No temperature measurements were available in
this section. This setup provides increased sensitivity and an automatic compensation of
apparent strain and thermal expansion coefficients mismatch, as explained in Section 2.4.1.
However, the lack of insight into the circumferential temperature distribution limits the
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ability to correct for thermal stresses. The data analysed for cross-section B corresponds to
the time period from January to December 2020.

(a) Sensing unit (cross-section A) (b) Sensing unit (cross-section B)

Figure 6. Photographs exemplifying the installed sensing units in each cross-section.

3.2. Cable Untwisting Events

As explained in Section 2.5, strain gauge calibration typically relies on cable untwisting
events. A total of 15 cable untwisting events were recorded during the monitoring period of
cross-section A and 32 events in the monitoring period of cross-section B. The measurement
offsets B,(li) (corresponding to sensor i during event 1) were extracted from each event
by fitting Equation (11). The resulting offsets for all events and sensors are presented in

Figure 7.
Cross-section A Cross-section B
-40
40 O._ o o--0 P -
! 2 2 e SN e g S NRPR
- it e r---8 .,,/‘ 60 'y e
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Figure 7. Cable untwisting events offsets Bj,.

The evolution of the measured offsets over time is non-monotonic, with certain events
showing sharp deviations from adjacent events. Notably, these abrupt changes occur
simultaneously across several sensors. This behaviour strongly indicates that the offset
variation is influenced by environmental effects. As explained in Section 2.5, untwisting
events occur under very low wind speeds, so the observed variations are most plausibly
attributed to thermal stresses.

In addition, Figure 7 highlights the offset values obtained with untwisting events
that occurred during the night. In cross-section B, whose monitoring period has a higher
number of nocturnal events, it can be seen that these events tend to follow a smoother
trend, with the more abrupt deviations being found in events recorded during the day. This
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agrees with the hypothesis that non-uniform solar heating determines thermal stresses that
affect this calibration procedure.

4. Methods for Drift and Residual Stress Correction
4.1. Qverview

The present section describes the necessary preprocessing to obtain corrected mechan-
ical stress time series 0" (t) from the stress signals ¢?"¢**(t) measured from the strain
gauge circuits (Section 2.4). In generic terms, this consists of subtracting a correction
function C(f) from the measured signal:

ol () = " (1) — Ci(h) (13)

1

According to Equation (10), the correction function C;(t) must account for both zero-
drift 7(t) and thermal stress 0" (t):

Ci(t) = o7(t) + ot (t) (14)

Table 1 summarises the correction methods used to define the correction function C(t)
in various ways. Methods LI-N and LF-N rely on the thermal uniformity of nocturnal
untwisting events and are therefore only applicable to cross-section B, as cross-section A
did not record a sufficient number of nighttime events. Conversely, methods requiring
temperature measurements are only applicable to cross-section A, since cross-section B
lacks temperature data. A detailed description of each method is provided in Section 4.2.

Table 1. Summary of methods to correct thermal stress (Tith and zero-drift (de.

ID Uit" Removal a'fd Removal Cross-Section A Cross-Section B
LI Enforcing symmetry L;;Tg}g;tg)p’ Yes Yes
LI-N Enforcing symmetry (n(}cltrlll ifallnetxerzli)l;cs) No Yes
LF Enforcing symmetry (;lllne'i:nfg) Yes Yes
. Linear fit
LE-N  Enforcing symmetry (nocturnal events) No Yes
TR Temperature-based Linear fit Yes No
regression (all events)
PR Proxy-based Linear fit Yes Yes
regression (all events)

4.2. Description of Correction Methods
4.2.1. LI—Enforcing Symmetry with Linearly Interpolated Zero-Drift

The first method, which follows [10], begins by forcing the mean of each pair of
opposite sensors to zero. This is based on the plane stress assumption, which implies that
opposite points on the section experience equal and opposite stresses:

7(6) = —o(6 + 180°) (15)

It should be noted that the assumption that this step removes thermal stresses is
only valid if the thermal stress distribution is negligible, symmetric, or first-harmonic. As
explained in Section 2.3, this is often not the case due to solar heating.

Applying this step to four sensors produces two pairs of symmetrical signals. With
two independent signals, the bending moments can be computed directly from Equation (2),
providing an exact solution that is both computationally efficient and physically consistent.

https://doi.org/10.3390/en19010153
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The assumption that enforcing symmetry removes O’l-th implies that UiZd is exactly equal to
the cable untwisting event offset B,(f) during event n. Between events nand n + 1, de is
obtained by linearly interpolating the corresponding offsets B, and B, 1. Mathematically,
this method can be expressed with Equation (16), where the indices i and j correspond to a

pair of opposite sensors.

(i) (i)
i(t) +oi(t i B B
CHl(t) = alt) +gt) + [ BY + 2ty (16)
2 tip1 —tu

4.2.2. LI-N—Enforcing Symmetry with Linearly Interpolated Zero-Drift, Using Nocturnal
Events Only

Method LI-N follows the same procedure as Method LI, but it only uses cable untwist-
ing events that occurred during the night for the linear interpolation. The reasoning is that,
at night, the section temperatures are generally more uniform, since there is no sunlight
to cause local heating. Under these conditions, the thermal stress cTith is expected to be

minimal, making the estimation of zero-drift 7 from the event offsets B, more reliable.

4.2.3. LF—Enforcing Symmetry with Linear Zero-Drift

Method LF builds directly on the previous method LI. The first step of removing the
means between opposite sensors remains unchanged. However, the zero-drift is assumed
to vary linearly in time:

o;(t) +0j(t)

L (@) + V) (17)

CHF (1) =

The coefficients rx(()i) and ocgi) are obtained via a least-squares fit to the offsets Bﬁ,i),
calculated in the cable untwisting events. This provides a smoother zero-drift correction,

2

caused by thermal stresses during the events. However, the assumption that drift varies

which is expected to be less sensitive to abrupt variations in the offsets B;,’ that may be
linearly is not supported by a physical model and may be an oversimplification of the
actual drift behaviour.

4.2.4. LF-N—Enforcing Symmetry with Linear Zero-Drift, Using Nocturnal Events Only

Method LF-N corresponds to method LF, using only the offsets from cable untwisting
events which occurred at night.

4.2.5. TR—Temperature-Based Thermal Stress Regression with Linear Zero-Drift

Method TR adopts a different approach to modeling thermal stress, leveraging the
availability of temperature measurements in the section. Instead of enforcing symmetry by
removing the means of opposite sensors, the thermal stress is modelled as a linear function
of the individual sensor temperatures relative to the mean temperature across the four
sensors. This formulation reflects the assumption that thermal stresses are primarily driven
by local temperature gradients. The zero-drift is assumed to vary linearly with time. In
total, this approach involves six linear regression coefficients, all of which are determined

using the cable untwisting event offsets B,(li).

TR(py _ \o ald) L () )
Gt =) B (Tu(t) = T) + (ay’ +ay"t) (18)
k=1

Note that method TR implies that the bending moments M, (t) and M, (t) are deter-

mined from Equation (1) using a least-squares fit to 4 values of 07"/ (t). This is a difference
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relative to the remaining methods, where the enforced symmetry yields only 2 independent
stress time series and therefore Equation (1) is solved exactly.

4.2.6. PR—Proxy-Based Thermal Stress Regression with Linear Zero-Drift

Method PR replaces the direct use of temperature measurements with a set of proxy
variables derived from the solar geometry at the turbine location. The predictors are the
solar time, solar elevation, and solar azimuth, which are closely related to the temperature
field in the section and do not require any additional sensors. These were calculated using
the pvlib Python package, version v0.12.0 [24], knowing the wind turbine’s latitude and
longitude. These predictors are expressed as sine and cosine components to capture their
cyclic nature and are set to zero at night, with a smoothing function to transition gradually
between daytime and nighttime.

The thermal stress at sensor i is modelled as a linear function of these proxy variables,
along with a zero-drift term that varies linearly in time:

6 . . .
PR = 3 B X)) + () +a"t) (19)
m=1

where Xy, (t) are the weighted proxy variables. As in method TR, the regression coefficients
are determined using the cable untwisting event offsets B,(f), but unlike TR, this formulation
does not require direct temperature measurements, enabling application in cross-section
B. Although PR is expected to be a lower-accuracy alternative to TR to be applied when
temperature measurements are unavailable, it was also applied to cross-section A. This
enables a direct comparison between the two regression-based approaches under identical

conditions, evaluating the performance benefits of using actual temperature data.

5. Results and Discussion
5.1. Bending Moments

The correction methods described in Section 4 were applied to the 10 min means
of the measured stress signals, yielding corrected mechanical stresses UimeCh(t). These
corrected signals were then used to compute the bending moments My (t) and M, (t) at
each instrumented section, using Equation (1), and subsequently rotated to obtain the
fore-aft and side-to-side components, Mg (f) and Mgs(t), using the SCADA 10 min mean
yaw time series y(t).

This section presents a comparison of the bending moment estimates as a function of
the 10 min means of wind speed V (obtained from the SCADA system) for each correction
method and in each section (when applicable, as per Table 1). In addition to the visual
comparison of load curves, a Load Scatter Index (LSI) is introduced as a quantitative
measure of the consistency of the results: the wind speed range is divided into bins of
1m -s~!, and the standard deviation of moment values is computed within each bin. The
LSI is defined as the mean of these standard deviations across all bins. A lower value
indicates a cleaner load curve and, therefore, a more effective correction. When comparing
the two cross-sections, it should be noted that their different heights lead to different load
ranges, with cross-section A experiencing lower bending moments, which also contributes
to the observed performance differences when measured through the LSI.

5.1.1. Bending Moments in Cross-Section A

Figure 8 shows the load curves obtained by applying the linear interpolation method
(LI), the linear fit method (LF), the temperature-based regression method (TR), and the
proxy-based regression method (PR) in cross-section A, showcasing significant differences
between methods. Since in this section the bending moments are quite small, when
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compared to those observed at the tower base, the achievement of accurate estimates is
much more difficult.
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Figure 8. Loads calculated from 10 min means of stress signals with different correction strategies in
cross-section A (fore-aft and side-to-side directions).

The LI method shows the highest levels of scatter. This can be attributed to its simplistic
treatment of zero-drift: the method misinterprets temperature-induced fluctuations in the
offset values B, as zero-drift, causing unrealistic corrections in the stress signals and,
consequently, in the calculated loads. Method LF, which models the zero-drift with a linear
trend, reduces this effect to some extent by smoothing out the fluctuations. Nevertheless, it
still does not yield a single unified trend in the load curves.

The TR method yields the least-scattered bending moment values, indicating a more
effective suppression of thermal stress due to its direct, data-driven modeling approach.
The PR method produces intermediate scatter, but unlike LI and LF—which tend to generate
separate trend lines as a result of systematic thermal-stress misinterpretation—PR exhibits
scatter around a single coherent trend, suggesting that its results are more physically
consistent. This effect is particularly evident in the side-to-side bending moment.

These qualitative observations are supported by the LSI results in Figure 9. TR achieves
the lowest LSI, confirming its superior reliability, while LI produces the highest scatter.
Overall, these results highlight the benefit of incorporating temperature information in
cross-section A to directly model and remove the thermal stress component, as in TR, which
more consistently recovers the expected physical relationship between wind loading and
tower bending moments.
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Figure 9. Load Scatter Index in different methods in cross-section A.

5.1.2. Bending Moments in Cross-Section B

In cross-section B, the absence of temperature measurements prohibited the use of
method TR. Alternative strategies to mitigate thermal stresses consisted of filtering to
nighttime events and using solar proxies for regression. Accordingly, five correction
methods were applied: the linear interpolation method (LI), the linear fit method (LF),
their nocturnal-event-only counterparts (LI-N and LF-N), and the proxy-based regression
method (PR). Figure 10 presents the bending moment curves derived from each method,
while Figure 11 compares their Load Scatter Index (LSI) values.
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Figure 10. Loads calculated from 10-min means of stress signals with different correction strategies in
cross-section B (fore-aft and side-to-side directions).
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LSI [MNm]

Figure 11. Load Scatter Index for different methods in cross-section B.

As in cross-section A, the LI method produces the largest scatter, confirming that its
simplistic zero-drift treatment fails to address residual thermal effects. LF offers moderate
improvement by smoothing the drift via a linear trend, but the overall reduction in scatter
remains limited. Filtering to nocturnal events (LI-N and LF-N) yields a further decrease
in the LSI, with LI-N marginally outperforming LF-N. Upon further investigation, it was
observed that deviations from the main trends in both nocturnal methods occur mainly
between May and July 2020, when no nighttime events were recorded.

The PR method again yields moderate scatter centered on a single coherent trendline.
It is interesting to note that its scatter increases at higher wind speeds. This is likely
due to enhanced convective cooling under strong winds, which tends to homogenise the
circumferential temperature field, weakening the correlation between the selected proxies
and the thermal stresses. This limitation is inherent to the PR method, independently
of what proxies are used, because the calibration is done using only untwisting events,
which always occur at low wind speeds. Therefore, the model is not informed about the
high-wind regime, where convective cooling becomes relevant.

These results confirm that nocturnal filtering can be an effective substitute when direct
temperature compensation is not possible, though its effectiveness is still limited compared
to TR in cross-section A. Moreover, reliance on nighttime events can reduce the available
calibration dataset, potentially making the method impractical for shorter monitoring
periods. In such cases, PR offers a viable alternative. Overall, the findings reinforce that
while symmetry enforcement, nocturnal filtering, and solar-based proxy variables help
reduce thermal effects, none match the precision of direct temperature-based correction.

5.2. Fatigue Damage

Fatigue damage was calculated at 36 equally spaced circumferential points in each
instrumented section, using the corrected mechanical stress time series Oi”‘“h (0,t) obtained
using Equation (1) with each preprocessing method. Due to the geometrical symmetry in
plane stress conditions (Equation (15)), results are presented only for the 6 range [0° — 180°].
For each 6, the cumulative damage D was obtained by summing the damage from all
10-min segments in the analysis period. The damage calculation in each interval was done
using the py-fatigue Python package, version v2.0.3 [25].

5.2.1. Fatigue Damage in Cross-Section A

Figure 12 shows the cumulative fatigue damage for cross-section A across all angles,
for each of the four correction methods (LI, LF, TR, and PR).

https://doi.org/10.3390/en19010153


https://doi.org/10.3390/en19010153

Energies 2026, 19, 153 16 of 19

Figure 12. Fatigue damage estimated with different correction strategies in cross-section A.

The LI and LF methods yield essentially identical results, producing nearly over-
lapping curves across the entire section. Similarly, the TR and PR methods show close
agreement with each other. The main difference lies between these two groups: LI/LF and
TR/PR produce distinct shapes for the fatigue damage distribution D(6) across the section.
This divergence is attributed to the different strategies used to correct thermal stresses—LI
and LF enforce symmetry between opposite sensors, while TR and PR apply regression
models, which yield slightly different shapes of (6) for each time instant.

Despite these differences, all methods identify the same angular position of maximum
fatigue damage at 0 = 80°, indicating that the choice of correction method does not affect
the location of the most fatigue-critical angle. The largest percentual difference between
methods at the critical 6 is 7.5 %, while the largest difference between methods across the
entire section is 9.8 %and occurs at § = 70°. These differences between methods can be
considered negligible.

5.2.2. Fatigue Damage in Cross-Section B

Figure 13 compares the five methods applied in cross-section B (LI, LE, LI-N, LF-N,
and PR) and confirms that the choice of thermal stress removal approach drives the main
differences in fatigue estimates. All symmetry-enforcing methods (LI, LE, LI-N, and LF-N)
yield closely matching distributions, whereas PR shows the most noticeable deviations.

. LR N PR
LI-N

T T
LI . L F-N
|

0 10 20 30 40 50 60 70 80 920 100 110 120 130 140 150 160 170
or°]

Figure 13. Fatigue damage estimated with different correction strategies in cross-section B.

The largest discrepancies occur in angular regions without strain gauge coverage (see
Figures 1 and 5). In particular, the maximum deviation in D (11.3%) is observed at 8 = 30°.
As in cross-section A, these differences reflect the fact that the methods produce different
instantaneous stress distributions o(#). All methods agree on the critical angle, § = 90°,
where the deviation between them is only 4.9%.
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As with cross-section A, the observed deviations translate into negligible lifetime
differences in practical terms. This is expected, because changing the preprocessing method
does not significantly alter the stress cycle amplitudes, which dominate fatigue. As a result,
an extrapolation of the observed damage differences to a full turbine lifetime would not
change any engineering conclusions regarding fatigue life in either section.

6. Conclusions

This study evaluated six strain gauge preprocessing methods for correcting zero-drift
and thermal stresses in wind turbine tower measurements, aiming to enhance accuracy in
load calculation and fatigue life estimation. Two instrumented tower cross-sections with
differing sensor configurations were considered, and all methods used the measured offsets
during cable untwisting events as a starting point for calibration. The methods highlight
the importance of removing thermal stresses in cable untwisting events, avoiding their
misinterpretation as zero-drift.

The temperature-based regression method (TR), which models thermal stresses from
measured temperatures, produced the most physically consistent load curves. When
temperature data were unavailable, two alternative strategies were considered: restricting
calibration to nocturnal events (LI-N and LF-N) and building a regression model from solar-
position-based proxy variables (PR). The nocturnal-event methods are limited by event
availability, while PR shows increasing scatter at higher wind speeds. Both alternatives
achieved partial thermal-stress removal, but neither matched the performance of TR.

For fatigue damage, results in both cross-sections showed that methods fell into two
consistent groups, distinguished by their thermal stress removal strategies: symmetry-
enforcing methods (LI, LE, LI-N, and LF-N) and regression-based methods (TR, and PR).
Differences between these groups were primarily in the shape of the circumferential damage
distribution D(0). However, all methods identified the same critical angular position, with
small differences in its accumulated damage estimation.

Overall, these results show that relying solely on cable untwisting events for calibration
can lead to significant errors in load estimation if thermal effects are ignored. Careful
selection of the preprocessing method—ideally one using temperature measurements—is
essential for accurate load assessment. For fatigue estimation, the choice of method has a
smaller impact but still influences the damage distribution shape in each section.
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The following abbreviations are used in this manuscript:

SHM Structural Health Monitoring
SCADA  Supervisory Control and Data Acquisition

FA Fore-Aft

SS Side to Side

LI Linear Interpolation

LI-N Linear Interpolation—Nocturnal
LF Linear Fit

LF-N Linear Fit—Nocturnal

TR Temperature-based Regression
PR Proxy-based Regression

LSI Load Scatter Index
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