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Abstract: As the wind power market grows rapidly, the importance of technology for real-time
monitoring and diagnosis of wind turbines is increasing. However, most of the developed tech-
nologies and research mainly focus on large horizontal-axis wind turbines, and research conducted
on small- and medium-sized wind turbines is rare. In this study, a novel low-cost and real-time
health monitoring and diagnosis system for the small H-type Darrieus vertical axis wind turbine
is proposed. Turbine operating conditions were classified into parked/idle and power production.
In the case of the power production condition, abnormality diagnosis was performed using key
monitoring parameters, including vibration, fundamental frequency, the bending stress of the tower
and generator vibration. The turbine abnormalities were diagnosed in two stages by applying the
alert and alarm limits, determined by referring to international standards and material properties
and the long-term measurement data together.

Keywords: small wind turbine; H-type Darrieus; vertical-axis wind turbine; health monitoring;
diagnosis

1. Introduction

Interest in renewable energy and carbon-free energy sources has recently increased,
resulting in wind energy coming into the spotlight as one of the most technically and
economically efficient and practical alternatives. The wind power market is expected to
grow rapidly in future, and, by 2050, the cumulative installed capacity of wind power plants
worldwide is expected to reach about 3000 GW onshore and about 480 GW off-shore [1].

Operations and maintenance (O&M) costs account for a large portion of the operating
expenditure of wind turbines. Moreover, technological developments to reduce O&M costs
are being actively carried out by turbine manufacturers, maintenance experts and research
institutes. The importance of health monitoring technology that can detect and predict
failures by monitoring the operational status of wind turbines in real time is growing [2].
Health monitoring of wind turbines can be categorized into condition monitoring (for
mechanical and electrical machinery, including drive trains, generators and bearings)
and structural health monitoring (for structural components such as blades, towers and
foundations). There are international standards and guidelines established outlining the
health monitoring of wind turbines [3-6]. The DNVGL service specifications specify the
minimum requirements for measurement locations and sensors, measurement methods
and analysis algorithms for condition monitoring of wind turbines [3]. Although the
structural components, such as towers and blades, are also described, they are optional and
are, to some extent, lower in importance than rotating machinery. The VDI 3834 standard
also focuses on the requirements for rotating machinery and includes the requirements
for tower vibration [4]. The VDI 4551 standard mainly focuses on the structural health
monitoring of wind turbines and provides requirements for measurement locations, sensor
type, the number and specification of sensors for measuring acceleration, inclination and
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deformation of structural components (including towers, transition pieces, substructures
and foundation structures).

International standards and guidelines for health monitoring of the aforementioned
wind turbines deal with large horizontal-axis wind turbines (HAWTs). Extensive research
and review papers on health monitoring have also focused mainly on large HAWTs [2,7-22]
because a HAWT is generally preferred for large-scale power generation due to its high
efficiency and potential for power production. However, research conducted on the health
monitoring of small- and medium-sized wind turbines is still rare. Small- and medium-
sized wind turbines are mainly installed close to residential areas, such as rooftops and
front yards of residential buildings. Thus, faults and failures in wind turbines can cause
serious personal injury or property damage, and it is thus vital to monitor and diagnose
the status of wind turbines continuously.

The health monitoring system employed for large-scale wind turbines can also be
applied to small- and medium-sized wind turbines. However, it is not cost-effective to set
up a health monitoring system, originally designed for monitoring large wind turbines, for
monitoring small- and medium-sized wind turbines, as the cost of the health monitoring
system is very high compared to that of the small- and medium-sized wind turbines.
Additionally, small- and medium-sized wind turbines come in different forms [23]; thus,
there are limitations when it comes to applying a health monitoring system, intended for
large HAWTS, directly to small- and medium-sized wind turbines. Consequently, it is
essential to optimize the health monitoring system to account for the cost and performance
of each type and capacity of small- and medium-sized wind turbines.

This study introduces an optimized health monitoring system and diagnosis method
for a small H-type Darrieus vertical-axis wind turbine (VAWT). Details of the small H-type
Darrieus VAWT are presented in Section 2. Section 3 illustrates the actual implementa-
tion of the hardware for the health monitoring of the small H-type Darrieus VAWT. The
measurement data and results of the analysis conducted during the long-term monitoring
period are outlined in Section 4. Section 5 proposes the diagnostic criteria for the turbine
by referring international standards, material properties and long-term measurement data
together. The proposed novel system based on the diagnostic criteria is described in Section 6.

2. Configuration of the Small H-Type Darrieus Vertical-Axis Wind Turbine

This study examined a small H-type Darrieus VAWT installed in Jeju island in South
Korea (as shown in Figure 1). Although it is a street lamp-type product, with a solar panel
and battery installed together, only the small wind turbine (excluding the solar panel and

lamp) was considered in this study. The configuration of the turbine is summarized in
Table 1.

Table 1. Small H-type Darrieus VAWT configuration [24].

Component Parameter Value
Diameter 1m

Length 1.5m

Weight 15 kg

No. of Blades 3
Rotor Material Expanded Polypropylene

Cut-in Wind Speed 2m/s

Rated Wind Speed 9m/s

Cut-out Wind Speed 12m/s

Type Permanent Magnet 3-Phase AC Generator
Rated Power 300 W
Generator Rotor Speed Range 0~400 RPM

Pole Number 10

Weight 18 kg
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Table 1. Cont.

Component Parameter Value
Height 6000 mm
Weight 130 kg
Material SS110
Tower Bottom Diameter 355 mm
Bottom Thickness 7 mm
Top Diameter 216 mm
Top Thickness 6 mm

Figure 1. Small H-type Darrieus VAWT at the experimental site in Jeju Island, South Korea.

3. Implementation of the Measurement System
3.1. Measurement Parameters
3.1.1. Rotor Speed and Power

The power was calculated by measuring the voltage and current signals of the gen-
erator. Each rotation of the rotor generates a sinusoidal voltage wave with the number
of cycles corresponding to half of the number of poles, and the number of cycles can be
determined by counting the zero crossing of the sinusoidal waveform. Thus, the rotor
speed in RPM was obtained from the zero crossing of the measured voltage signal in the
time domain as follows:

zc @

Pole Number % T’ M

Rotor Speed =

where zc is the total number of zero crossing of the voltage signal in the time domain
during the measurement time, T, in sec.
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3.1.2. Vibration Levels of the Generator and Tower

The vibration level of the generator in the axial direction was measured by a single-axis
accelerometer installed at the bottom of the generator housing. The tower vibrations in the
east—west and south—north directions were measured by two single-axis accelerometers
installed inside the top of the tubular tower. It would have been helpful to measure
the vibration at the middle or lower position of the tower together for structural health
monitoring; however, the vibration at the top of the tower was generally the largest. Thus,
in this study, only the vibration at the top of the tower was factored in for calculating the
hardware cost.

The natural frequencies of the tower were obtained by finding the Fourier transform
peaks of the measured temporal variation signals of the tower. However, if the excitation
frequencies are located near the natural frequencies of the tower, it is difficult to distinguish
between the natural frequencies and excitation frequencies from the rotor and the blades.
In this case, the natural frequencies can be more accurately detected when the wind turbine
is in the idle condition.

3.1.3. Mechanical Load of the Tower

The strain of the tower in the east—west and south—north directions were measured
by foil strain gauges with full-bridge configuration. The corresponding bending stress was
then obtained through the formula:

o =Eeg, 2)

where 0 is the calculated bending stress of the tower from the measured strain, ¢, and
the Young’s Modulus of the tower material, E = 190 GPa. The bending moment, M, was
calculated as follows:

M =EI—, 3)

I = 614 (rf,1 — rf), 4)

where 7, and r; are the outer and inner radius of the tower bottom, respectively. I indicates
the moment of inertia.

In cases of bending stress and moment, the bottom of the tower generally shows the
largest values; thus only the bending stress and moment at the tower bottom considered to
calculate the hardware cost.

3.2. DAQ Hardware Setup

Figure 2 shows a configuration diagram of the implemented DAQ system for the
health monitoring of the small H-type Darrieus VAWT. The voltage signal of the generator
was directly connected to the NI 9219 module, and the current signal was converted
to voltage by the current meter and connected to the NI 9219 module together. The
three accelerometers (model—Dytran 3148e) installed at the generator and the tower
were connected to the NI 9234 module. The strain gauges (model—Kyowa KFGS-5-350-
C1-11L1M3R) installed outside the bottom of the tubular tower were connected to the
NI 9237 module. All these modules were then connected to the NI cDAQ-9189, which
communicated to an industrial PC (model—Advantech UNO-2484-BTO).
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Figure 2. Configuration diagram of the health monitoring system for the small H-type Darrieus VAWT.

3.3. Control Program

All the signals were acquired at the sampling rate of 2048 Hz and stored every 1-min on
the industrial PC installed inside the tower. The measurement system and data acquisition
and storage were managed using the control program developed through LabVIEW, whose
control panel is shown in Figure 3.
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Figure 3. Screenshot of the control program developed by using LabVIEW.

4. Long-term Monitoring and Analysis

Long-term monitoring in this study refers to the simultaneous recording of voltage,
current, vibration and strain signals, including the detailed analysis performed on the
measured signals by considering the operating condition. Long-term monitoring is essential
to analyze the dynamic characteristics of the turbine for each operating condition and
evaluate its performance. Thus, in general, long-term monitoring is carried out before the
commercialization of any new turbine.

In this study, the long-term monitoring of the small H-type Darrieus VAWT was
performed from March 2021 to June 2021. During this monitoring period, a total of 61,364
1-min period data sets were obtained, excluding the idle and parked conditions. Figure 4
shows the number of 1-min period data sets at each rotor speed binned at 5 RPM.
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Figure 4. The number of 1-min period data sets at each rotor speed binned at 5 RPM (excluding the
idle and parked conditions).

4.1. Natural Frequencies of the Tower

Determining the natural frequency of the entire tower structure is a good indicator
to check for structural changes in the tower structure, such as cracks and bolt looseness.
A hammering test was performed to determine the natural frequency of the tower in the
idle condition. Figure 5 shows the measured signal in the time domain, whose frequency
spectrum was obtained from the Fourier transform. By finding the peaks in the frequency
spectrum, it was found that the first natural frequency of the tower was around 6 Hz. No
significant differences were observed between the natural frequencies in the east—west
and south—north directions due to the symmetry of the small H-type Darrieus VAWT.

Time (sec) Time (sec)
-3 -3
6 10 . . . Py h— . . .
~ 47 B ~ 45 4
@ @
0 1 0 I 1
0 5 10 15 20 25 30 0 5 10 15 20 25 30
Frequency (Hz) Frequency (Hz)
(a) (b)

Figure 5. Hammering test results to measure the natural frequencies of the tower: (a) time series (top) and its frequency
spectrum (bottom) in the east—west direction; (b) time series (top) and its frequency spectrum (bottom) in the south—north

direction.

4.2. Power Performance

The power curve, representing the power output of a wind turbine as a function of
the measured wind speed, is measured to evaluate the power performance during the
performance test period of a newly developed wind turbine. Thus, one of the key elements
of power performance testing is measuring wind speed. In this study, however, devices
to measure wind speed and direction, such as an anemometer and wind vane, were not
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installed considering the cost of the health monitoring system of the small H-type Darrieus
VAWT. In this case, the power produced, as a function of rotor speed, was a good alternative
to analyze the power performance of the wind turbine.

Figure 6 shows the measured power output of the small H-type Darrieus VAWT, as a
function of rotor speed in RPM. The second-order polynomial to fit the measured power
output is also shown in Figure 6. The power output and rotor speed of the turbine indicate
a clear relationship, and the power output can be fitted as the second-order polynomial of
the rotor speed in RPM with high accuracy (R? = 0.9990).

T T T T T T T

300 [ - Measurement
2nd Order Polynomial Fit (R2 =0.9990)

- N N

()] (=] (4

o o o
T T T

Power (W)

—

(=3

o
T

0 ‘ 1 1 1 1 1 1
0 50 100 150 200 250 300 350 400

Figure 6. Rotor speed in RPM and the power output. The dotted points and solid line indicate the
measured values and the second-order polynomial fitted line, respectively.

4.3. Tower Vibration

The root-mean-square (RMS) value is one of the most useful measures to represent the
vibration level because it is directly related to the energy content of the vibration profile
and the destructive capability of the vibration. In this study, from the vibration measured
in the time domain, an acceleration RMS value, a1, was defined to represent the vibration
level of the tower, characterizing the total loading over an evaluation period Ty. This RMS
value was obtained through the formula:

1 [T,
=11 /O @ (t)dt, ®)
where a¢ is the measured acceleration in the filtered time domain over the selected fre-
quency range 1-1000 Hz. The desired frequency range was selected wide enough to
represent all the dynamic characteristics of the tower structure.

Figure 7 shows the RMS values of the tower vibration for each 1-min data set in
both the east—west (a1 gy) and the south—mnorth (at s) directions. Due to the symmetry
of the small H-type Darrieus VAWT, the vibrations in the east—west and south—north
directions showed almost the same RMS values and trends. In general, as the rotor speed
increases, the excitation force also increases, and the vibration value tends to increase.
It should be noted that the RMS values increased significantly to around 120 RPM and
360 RPM, and this was due to the structural resonance of the tower. As the turbine
had a three-blade rotor, the vibration levels increased to about 120 RPM and 360 RPM,
corresponding to the fundamental frequency of the tower at 6 Hz, with the first and
second blade passing frequency, respectively. However, even if resonance occurred close to
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120 RPM and 360 RPM, the maximum RMS values of the tower vibration at these RPMs
were as good as 1 m/s? and 1.5 m/s?, respectively.
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Figure 7. RMS values of the tower vibration for each 1-min data set: (a) vibration level in the east—west direction, at gw;
(b) vibration level in the south—north direction, ar sn.

4.4. Generator Vibration

In this study, following the vibration measurements in the time domain, a velocity
RMS value, vg, was defined to represent the vibration level of the generator in the axial
direction. Similar to Equation (5), v was obtained as follows:

1 [T,
Ve = To/o (1), ©)
where v is the measured velocity in the filtered time domain over the selected frequency
range 10-1000 Hz. The desired frequency range was selected wide enough to adequately
cover the frequency spectrum of the generator.

Figure 8 shows the velocity RMS values of the generator vibration for each 1-min data
set in the axial direction. The RMS value increased in the 150 RPM-250 RPM range, but
it was still a good level, with a maximum of approximately 2 mm/s or less. Although
the generator was located at the top of the tower, there was no increase in the generator
vibration, even at 120 RPM and 360 RPM, where the vibration of the tower increased
significantly due to the structural resonance of the tower. This was due to the measurement
direction of the generator vibration, i.e., the axial direction, which was perpendicular to
the vibration directions of the tower—the east—west and south—north directions.
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Figure 8. RMS values of the axial vibrations of the generator for each 1-min data set.

4.5. Mechanical Load of the Tower

From the measured strain of the tower, the bending stress and moment were cal-
culated using Equations (2)—(4). Figure 9 shows the bending stress of the tower bottom
and its corresponding bending moment in the east—west (crw) and south—north (os5x)
directions. Note that each dotted point represents the maximum value measured during
the corresponding 1-min period. Similar to the tower vibration, due to the symmetry of
the small H-type Darrieus VAWT, the bending stresses and moments in the east—west
and south—north directions showed almost the same values and trends. The bending
stress and moment of the tower increased slightly to around 120 RPM due to the structural
resonance of the tower. However, the tower bending stress was low, with a maximum of
approximately 20 MPa or less.
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Figure 9. Measured tower bending stress (left axis) for each 1-min data set and the corresponding bending moment (right
axis): (a) bending stress and moment in the east—west direction, oryy; (b) bending stress and moment in the south—north

direction, oy .
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5. Diagnostic Criteria

In this section, the algorithm for diagnosing the current operational status of the
small H-type Darrieus VAWT, using real-time measurement signals such as power output,
mechanical load and vibration, will be covered in detail.

5.1. Operation Condition

The operational status of wind turbines is divided into parked, idle and power pro-
duction. The parked condition means to physically lock the rotor in a stationary position,
with the rotor not being able to rotate with the wind or be moved by any other means. The
idle condition means that the wind turbine is rotating slowly and not producing power.
The power production condition indicates that a wind turbine is running and connected to
an electric load.

In this study, the operational status of the wind turbine was determined by the power
output value calculated using the measured generator voltage and current signals. The
operational status of the wind turbine was classified as parked/idle (if the power output
was less than 1 W) and power production (for other power output values).

5.2. Abnormality Diagnosis

In the case of the power production condition, the turbine status was determined
based on the measured vibration level, mechanical load level, natural frequency of the
tower and the generator vibration level.

Many standards and guidelines related to condition monitoring lay down the limit
values determined in multiple stages. In this study, two-stage limit values were determined
for each of the measurement parameters. One limit value was defined as the trigger for a
warning, i.e., an alert; and the second was an alarm.

5.2.1. Alarm Limit

An alarm appears when a specified limit value has been reached, indicating the limit
value above which further operation of the wind turbine can cause critical damage to the
wind turbine components. Once an alarm limit has been exceeded, the wind turbine should
be shut down and remedial actions should be taken immediately.

Although several international standards, including the VDI 3834 [4] and ISO
20816-21 [25], recommend the limit applicable for the main components of a large HAWT
with a gearbox, it is difficult to directly apply these standards to a small VAWT. Moreover,
there are no standards stipulating an alarm limit applicable to the tower of a small VAWT.
Thus, in this study, the alarm limit of the tower vibration for the small H-type Darrieus
VAWT, ar 414rm, Was conservatively determined as 2 m/ s? based on the measurement
database of the Korea Institute of Energy Research (the institute has been conducting
performance tests for various small- and medium-sized wind turbines for over 15 years).

ISO 20816-1 provides general guidelines stipulating the vibration limit of rotating
machines and can be used to set the alarm limit of the generator vibration measured
on non-rotating parts. Considering the generator capacity of the small H-type Darrieus
VAWT, the alarm limit of the generator vibration, v 414, Was determined as 4.5 mm/s,
corresponding to the zone boundary A/B value, specified in Table C.1 of ISO 20816-1 [25].

In the case of the bending stress of the tower, the yield strength of the tower material
should first be considered because the material begins to deform plastically if the stress
exceeds the yield strength. In this study, the alarm limit of the tower bending stress, 0,15/,
was determined as the yield stress, 0, .4, by considering the safety factor, y. IEC 61400-2
recommends a safety factor of 3 for materials used for the ultimate strength analysis of
small wind turbines [26].

In this study, the yield strength of the material is considered, but if a more conservative
alarm limit is required, the fatigue limit of the material can be applied instead of the yield
strength.
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5.2.2. Alert Limit

An alert offers advice that a significant change in the measured value has occurred
and that the trend of the measured value should be observed attentively. When an alert
appears, it is generally permissible to keep the wind turbine running until the cause of the
significant change is identified, and, if necessary, remedial action is initiated.

Most of the standards and guidelines related to condition monitoring of wind turbines
apply the limit value uniformly to all operating RPM ranges. However, rather than
applying the alert limit value uniformly across all the operating RPM ranges, it is preferable
to set different alert limit values for each operating RPM by considering the statistical values
of the measurement results collected during the long-term monitoring period together. For
example, even if the vibration value of the tower or generator is lower than the alarm limit
when the rotor rotates at a low RPM, it is important to pay attention to the trend of the
measured value if it is significantly higher than the previous measurement results.

Figure 10 shows the vibration RMS values of the generator for 1-min period data sets
at each rotor speed binned at 5 RPM. The corresponding mean of the values (solid line) and
the mean plus three standard deviations (dotted line) for each rotor speed binned at 5 RPM
are also shown. Similar to Figures 10-12 show the maximum vibration RMS and maximum
bending stress of the tower for each 1-min data set at each rotor speed binned at 5 RPM,
respectively. Note that the maximum means the largest of the values in the east—west
and south—north directions. In this study, the statistical values, i.e., the mean plus three
standard deviations at each rotor speed was applied to the alert limits for the vibration and
bending stress of the tower and the generator vibration.
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Figure 10. Vibration level of the generator for each 1-min data set.
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Figure 12. Maximum bending stress of the tower for each 1-min data set.

The natural frequency change is an important early indicator of structural changes.
Several standards and guidelines recommend measuring and continuously monitoring the
natural frequency change [3-5,27,28]. However, any limit value applicable to the natural
frequency change is not described in the relevant references. In this study, the alert limit
was set to a 10% change in the fundamental frequency of the tower based on experience.
Therefore, an alert appeared when the measured fundamental frequency of the tower, f,
was less than 10% of the reference value, f,.¢. The reference value indicates the fundamental
frequency of the tower measured during long-term monitoring, as described in Section 4.1.

The alert and alarm limits for each of the measurement parameters described above
are summarized in Table 2. In this study, 0y.,s = 240 MPa and 1y = 3.
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Table 2. Alert and alarm limits for each the measurement parameter.

Parameter Alert Limit Alarm Limit
Tower vibration (ar gy and ar sy) ar q1ert = Mean + 3 Standard deviations at alarm = 2m/ s?
Generator vibration (vg ) VG alert = Mean + 3 Standard deviations UG, alarm = 4.5 mm/s
Tower bending stress (ogyw and osy) Ogiert = Mean + 3 Standard deviations Oalarm= Oyield /Y
Tower fundamental natural frequency (fp) fo <09 frer -

6. Health Monitoring and Diagnosis System

A health monitoring and diagnosis system for the small H-type Darrieus VAWT was
developed using the measurement system described in Section 3 and the diagnostic criteria
explained in Section 5. Figure 13 shows a flowchart of the main algorithm implemented
for health monitoring and diagnosis. First, the power output was calculated from the raw
data of the generator voltage and current signals measured during the 1-min intervals. If
the power output was less than 1 W, the turbine’s operating condition was determined as
parked/idle and terminated; if the output was greater than 1 W, the turbine’s operating
condition was determined as power production, and the monitoring parameters, including
the fundamental frequency of the tower, the vibration RMS values of the tower and the
generator and the bending stress of the tower, were calculated from the measured raw
data. Subsequently, it was determined whether the turbine was in a normal or abnormal
condition. If the turbine status was abnormal, the diagnosis was further subdivided
based on the alert and alarm limits. The above monitoring and diagnosis processes were

performed repeatedly every minute.

The results of the health monitoring and diagnosis for the small H-type Darrieus
VAWT were displayed on the system screen in real time, as shown in Figure 14a. The mea-
surement results, such as the rotor speed, power output, vibration level, natural frequency,
bending moment of the tower and generator vibration level, were displayed together with
the turbine status. The screen was updated every minute, and the measurement results
and turbine status were stored in the format shown in Figure 14b. The turbine status index
is an index indicating the diagnosis results. The cause of the alert or alarm, as shown
in Table 3, was also indicated together if an alert or alarm appeared. Consequently, the
current operating status and turbine health could be effectively monitored with only a

small capacity and compact result data of 50 kB per minute.

Table 3. Description of turbine status index.

Status Index Turbine Status Diagnosis Result Reason of Alert or Alarm

0 Idle or Parked - -

1 Power Production Normal -
21 Power Production Alert Significant change of generator vibration
2.2 Power Production Alert Significant change of tower vibration
2.3 Power Production Alert Change of tower natural frequency
2.4 Power Production Alert Significant change of tower stress
3.1 Power Production Alarm Excessive generator vibration

3.2 Power Production Alarm Excessive tower vibration
3.3 Power Production Alarm Excessive tower stress
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Figure 13. Flowchart of the main algorithm implemented for health monitoring and diagnosis.
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Figure 14. Health monitoring and diagnosis system for the small H-type Darrieus VAWT: (a) screenshot of the health

monitoring and diagnosis system; (b) an example of the result file for each 1-min time interval along with its description.

7. Discussion

Small- and medium-sized wind turbines have recently begun coming into the spotlight
as major power sources for distributed power systems alongside other power sources such
as photovoltaics and fuel cells. However, for integrated monitoring and diagnosis of
distributed power systems, it is essential to transmit various operational data of each
power source to the integrated monitoring system. Data transmission through wireless
communication is effective for long-distance transmissions; however, data capacity and
transmission speed are directly related to cost, so it is important to reconsider this method
and explore other alternatives. The health monitoring and diagnosis system developed
in this study can be a potential solution because it was possible to efficiently monitor and
diagnose the health of small wind turbines with only 50 kB of data per minute.

It is vital to establish proper diagnostic criteria for the health monitoring and diagnosis
of wind turbines. In this study, two-stage limits—the alert limit based on the long-term
monitoring results and the alarm limit based on international standards and material
properties—are proposed. It is common to conduct performance tests during the long time
period before the commercialization of newly designed turbines. It is also preferable to
set the alert limit using the measured data at this time. However, if long-term monitoring
cannot be performed or if the data are unavailable, only the alarm limit can be applied at
the time of initial installation. The alert limit, however, can be incorporated at a later stage,
in addition to the alarm limit, when sufficient operational data is obtained.

As mentioned in Section 4.2, devices to measure wind speed and direction, such as a
cup anemometer and wind vane, were not utilized in this study considering the cost of
the health monitoring system. However, if installation is possible at a low cost, it is very
helpful to obtain more relevant information on the power curve and to compare the levels
of vibration and stress with wind speed.
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8. Conclusions

In this study, a low-cost real-time health monitoring and diagnosis system for the
small H-type Darrieus VAWT is proposed. The turbine’s operating condition was classified
based on the power output: parked/idle and power production. In the case of the power
production condition, the turbine status was determined based on the vibration, funda-
mental frequency, bending stress of the tower and the generator vibration. The turbine
status was diagnosed in two stages by applying the alert and alarm limits.

In order to set the limit value, it is important not only to refer to international standards
and material properties, but also to analyze the characteristics of the relevant wind turbine
through long-term monitoring. In this study, the alarm limit was determined based on IEC
and ISO standards and the yield strength of the tower material. If a more conservative
limit value for the tower is required, the fatigue limit of the tower material can be utilized
instead of the yield strength. The alert limit was determined for each operating RPM by
considering the statistical values of the measurement results collected during the 4-month
monitoring period.

The system proposed in this study can help in monitoring and diagnosing small wind
turbines with only a small capacity and compact data. It can thus be effectively applied to
distributed power systems requiring wireless transmission for remote monitoring.
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