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ABSTRACT

Wind speed and wind direction received much
attention during the WTG (wind turbine generator)
operation. However, the WTG operation is highly
determined by the turbulence intensity (T.1.) as well.
Malfunctions of the WTG could have been taken
place even the wind speed and the wind T.I. are
within the WTG operation specification. This work is
a case study of the influence of wind T.I. on the WTG
operation.  The research objects are 21 WTGs
(Zephyros, model type: Z72, rated power 2000 kW)
in mid-Taiwan. Emergency WTG shutdown has
been engaged frequently in this wind farm due to the
insufficient motor capability for the pitching motion
against rapid wind variations. An upgrade of the
pitch driving components has been conducted. The
capability requirement of the pitching system has
been firstly evaluated by software DNV-GL Bladed.
Before the practical components’ replacement, the
performance of new pitch driving module has been
investigated with the aid of software DNV-GL
Bladed, Adams and Matlab. The efficacy of the
improved blade pitching system has been verified by
practical operations of three WTGs. The
information revealed in this work may be valuable for
the future design of pitch regulation system or the
operation and maintenance (O&M) for the current
WTGs.

INTRODUCTION

The power production (power curve) is an
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important performance index for wind turbine
generators (WTGs). According to the international
standard IEC 61400-12-1, the power production of a
WTG is mainly determined by the mean wind speed
and the air density. However, many studies have
shown that WTG power production depends on
several variables, and especially the turbulence
intensity (T.l.) (Hedevang, 2014). The relationship
between power production, wind T.l. and wind speed
has been investigated (Lubitz, 2014). At low wind
speed, increased turbulence appeared to increase
energy production, but power production reduced at
high wind speed. Wind T.l. is also crucial for
fatigue load and structural design of WTGs (Wang,
2013). Another factor greatly affects the WTG
performance is the blade pitch angle. A variable
blade pitch system which can turn the blade pitch
angle to a degree normally ranges from 0 ~ 90 degree
is very important in the modern WTG. The
coefficient of power (Cy), which means the wind
energy conversion efficiency of the WT blade, is
greatly dominated by the blade pitch angle. The pitch
angle is the angle between the blade and the blades
rotation plane. The attack angle is the angle
between the chord of the aerofoil and the relative
wind, as shown in Figure 1(Horizon, 2012).
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Fig 1. Definition of pitch angle and angle of attack
(Horizon, 2012)

TSR =4= % , W :rotational speed, r: radius

at the specified point, V: wind speed. Q

The angle of attack is dependent on blade twist and
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pitch. ~ For most aerofoils, lift force can be
maximized at an attack angle between 10 and 15
degrees. A parameter in the WTG performance
analysis is the tip speed ratio (TSR) which is defined
as the linear speed of the blade tip divided by the
prevailing wind speed(V) as shown in Equation 1.
For a given wind speed, a lower pitch angle will
result in a higher TSR at the maximum lift. A larger
pitch angle will tend to give the maximum lift, and
thus greater torque, at a lower TSR. Higher C, can
be achieved by blades with lower pitch angles and
higher TSR. The schematic diagram of the aerofoil
section and the forces acting on it are shown in Fig 2
(Sudhamshu, 2016). The plane of the blade rotation
is depicted as a line in the figure. With respect to
the blade rotation plane, the chord line is given a twist
called the section twist angle B. This angle varies
along the length of the blade for the reason to
maintain a constant attack angle along the blade
length.  For dynamic control of the blade, an
additional twist called global pitch angle ¢ can be
applied. This pitch angle would change as the twist
varies at every cross section. The resultant force on
the blade due to the flow around the blade may be
resolved in two ways: (1) along the incoming
velocity — Normal force (Fn) and along the plane of
rotation — Tangential Force (Fr); (2) along the
direction of the relative velocity — Drag force (Fp)
and the other perpendicular to the relative velocity —
Lift force (FL). These forces may be related as
follows:

Fn= FLcosO + Fpsinb,
Fr=FL sinf - Fp cosé.

(2
®)

Coefficient of normal and tangential force is
the nondimensionalized form of Fy and Fr given by

Eq. (4).
Cnt=FnT/0. 5p[Vin2+(rco)2]. (4)
The pressure distribution across the aerofoil
may be quantified by the coefficient of pressure (Cpre)
defined as

Core = (p-p-) 1 0.3p[Vin?+(r0)?]. (5)

Plane of blada rotation

¥ =Wind valooity at blades
Vot = Reialive wind velocty
A - goction twist anglo
= Angha of attack
@  =Anghe of relative wind
¢ = Global pitch anglo
@ =Angular velocity

Fig 2. Forces on an aerofoil (Sudhamshu, 2016)
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Considering a three-bladed, horizontal-axis,
pitch-controlled WTG, as illustrated in Fig 3 (B.
Biegel, 2011). The y-and z-axes span the rotor
plane while the x-axis is perpendicular to the rotor
plane. In the assumption that the WTG is under the
influence of a wind field that is constant over time
but varying over the area swept by the blades. The
blades are numbered in 1, 2, 3 and the angle y € [0,
2m/3] is referred to the rotor position. Since the
wind flow is assumed to be constant over time, the
blade pitching is a periodic function of the angle y.
The pitching angles of three blades at angle y can be
expressed as follows:

#(y) = (¢1, 42, 43) ER®, 0<y<21/3  (6)

Fig 3. Overview of a wind turbine (Biegel, 2011)

The generated torques around the three main
axes, T = (x, Ty, Tz ) € R3, are determined by these
pitch angles and a net force f, is finally acted on the
WTG structure. The induced torques (tr) and the
resulted force (f) depend on the angle of the rotor, the
pitch of the blades, the wind field present at the swept
area and the angular velocity of the rotor. If a
constant rotor angular velocity is given and the wind
field at the swept area is defined by a parameter
vector n, the induced torques and the resulted force (f)
can be further expressed as follows (Biegel, 2011):

=), v. n). /= Y((¥). 7. n). ()

The aerodynamic loads are usually resolved into
thrust (T) in the direction of rotation absorbed by the
generator and reaction forces (R), as shown in Fig 4
(Schubel, 2012). It can be observed that the
reaction force is substantially acting on the flatwise
bending plane and must be tolerated by the blade
with limited deformation.

o

Wind direction

Wind direction

Fig 4. Forces at a blade element (Schubel, 2012)
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Despite the rapidly growing wind farm
installations worldwide, atmospheric and wake
turbulence interactions are not well understood with
respect to the fatigue loads on wind turbines (Lee,
2013). Though turbulence in the approaching wind
has a significant impact on the power output of
WTGs (Hedevang, 2014 & Wang, 2013), more
attentions have been devoted to the damages induced
by turbulence. The WTG response to turbulent
inflow has been studied by NREL (National
Renewable Energy Laboratory, America) (Hand,
2003). The turbulence causes increased fatigue
loads on WTG blades and it can be generated above
the surface layer under some atmospheric conditions.
The atmospheric conditions supporting turbulence
production through dynamic instabilities occur during
a significant percentage of the WTG operation
regime. A computer program was accomplished to
determine the blade-root fatigue damage (Noda,
1999). The effects of T.I., mean wind speed, wind
shear, vertical wind component, dynamic stall, stall
hysteresis and blade stiffness were all examined in
that work. An advanced turbulence model was
proposed to evaluate the relationship of T.I. and wind
speed for fatigue load estimation and WTG structural
design (Wang, 2013). Similar analyses of blade
fatigue life regarding the influence of tower shadow
(Pedersen, 2012) and wind speed distribution (Jang,
2015) were also reported respectively.

Most of the past researches are mainly
focused on the structural considerations of WTGs.
However, the dynamic loading also exerted on the
components inside the nacelle, such as the gearbox,
the generator, motors and hydraulic actuators. The
influence of wind turbulence on yaw-control gears
was studied (Suzuki, 2011). According to the
practical measurements, high turbulence may result
in an oscillating torque, which is greater than the
metal fatigue limit, to yaw-control gears. The wind
turbine control system has a large effect on many
operation conditions. For instance, during normal
operation, collective blade pitch control can be used
to reduce the fatigue loads on the tower, individual
pitch control can reduce the fatigue loading on the
blades, and generator torque control can reduce
fatigue loading on the drive train (E. Bossanyi,
2010)-(Kanev and Engelen, 2009). A pitch control
technique has been reported against high wind gusts
(Nanayakkara, 1996). The pitch system frequency
and WTG power output are regulated according to
the wind speed and the wind turbulence. Since
WTG system is a high-order nonlinear system, a
pitch control method based on  the
active-disturbance-rejection control theory has been
proposed to improve the shortcoming of conventional
Pl controller (Xia, 2014). Linear models of the
WTG and the drive train have been derived to
improve the control performance under strong wind
turbulence. A control strategy was introduced for

reduction of extreme loads on WTG components
during operation in extreme turbulence conditions
(Kanev, 2016 & Kanev, 2017). The control
algorithm is based on estimation of the wind
turbulence, followed by reduction of the rated rotor
speed whenever this turbulence estimate exceeds
certain limit. An optimization approach has been
developed to calculate the turbulence limit so as to
achieve the best balance between alertness and false
alarms. For the purpose to regulate the generator
speed and to mitigate the induced load under
turbulent wind field, an adaptive pitch control
strategy has been formulated (Yuan, 2017). The
control algorithm makes a trade-off between the
maximum energy captured and the load induced.
The simulation results show that the blade root
flapwise load can be reduced at a slight expense of
optimal power output.

The researches regarding the pitch control
system are mainly focused on the system operation
mode, for instance, the frequency, the limit and the
speed for the pitching action. However, once the
hardware specification of pitch control system is
insufficient against the wind field (means the
operational capability of the WTG is not sufficient
against the local wind conditions and leads to a
shutdown frequently), an emergency shutdown (trip)
is going to be engaged and the operation mode will
no longer be conducted. In other words, the
efficiency of wind power harvest will be completely
unqualified if the WTG trip is met of high frequency.
An investigation regarding the wind turbulence
influence on the WTG pitching system has been
revealed in this work. Namely, the study of pitch
control system specifications against aerodynamic
loads. The research object is a wind farm in
mid-Taiwan. Totally 21 WTGs installed in this
wind farm (WTG model: Zephyros Z72, rated power
2000 kwW).  The root cause of WTG trips (shutdown)
has been investigated according to actual recordings
of the WTG operation and the wind condition. The
software DNV-GL Bladed, Adams and Matlab have
been employed for the analyses of WTG subsystem
capability requirements and performance
verifications. An upgrade of pitch motors and the
corresponding drivers has been finally applied to
these WTGs to improve the problems of the WTG
overspeed and the pitch motor overcurrent and to
mitigate the fatigue load on the turbine structure
simultaneously.

WTG malfunctions due to high-turbulent
wind flow

Taiwan is located between Asia and Pacific.
This island is suffered from north-eastern monsoon in
winter and spring, while southwestern monsoon in
summer and autumn. According to the 10-year
global wind speed rankings from Jan. 2000 to Dec.
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2009 (4C Offshore, 2017), the top 30 wind farms are
almost located in the surroundings of Taiwan Strait.
Since the north-eastern monsoon in Taiwan is
generally much stronger and more copious than
southwestern monsoon, wind energy harvest is
mainly engaged during the end and the beginning of a
year.  WTGs installed in Taiwan are mainly
purchased from manufacturers in Europe or U.S.
Though all these WTGs are fulfilled with the
standards of IEC or GL, malfunctions still met
frequently due to the climatic variations and
geographic nature of Taiwan. Normally, the average
operation availability of a well-operated wind farm
should be higher than 95% in global onshore wind
market. However, WTG operation availability of
Taiwan, as shown in Fig 5 (Taipower Company,
2017), is about 92% in 2013, still below the global
average. The unique wind condition of Taiwan is
conducive to the expansion of wind energy industry,
the climatic particularity also leads to an unqualified
operation availability. The research object of this
work is the Z72 WTG, which is manufactured by
Zephyros. The technical specifications of Z72 are
listed in Table 1.

95
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Fig 5. Operation availability of WTG in Taiwan

Table 1. Technical Specifications of Zephyros Z72
WTG (Moerman, 2009)

Specifications Descriptions

J. CSME \Wol.41, No.2 (2020)

There are totally 21 Z72 WTGs installed in
the mid-western coast of Taiwan, the location is
illustrated in Fig 6 (Taiwan Power Company, 2017).
According to the technical document of Z72 (Table 1
(Moerman, 2009)) and the IEC standard (Table 2
(IEC, 1999)), Z72 is designed to operate under the
class IB wind condition. That is, Z72 can be
operated under a yearly average wind speed beyond
10m/s and the T.l. below 0.16. The T.I. is calculated
by 6/Vhw, Where o is the standard deviation of the
wind speed during a specified period and Vhy is the
average wind speed at hub height.

1/660KW*6 437 ] 15/900KW*3
2IMW*3 e ST g wes
32.3MW*19 o S e 162 3M WS
4/900KW*8 e 10 17/2.3MW*]
5/1.5MW*20 o “._:,\"- Fivs = 18/2.3MW*38
6/1.5MW*3 i N 19/2MW* 18
2MW*3 ]_}r.. g (Research Objects)
23MW*2 (oa g e 20/2MW*3
7/2.3MW*2 20 Sj i Cany e (Rescarch Objeets)
RIIMW*6 L e 21/2MW*3]
923MW*5 LS 22/23MW*42
10/4MW*2 g 23/23MW*10
(Offshorc) Hoshaiany L2 24/2MW*23
11/1.8MW*] 252MW* 14
IMW*3 o 26/1. SMW*3
12/2.3MW*3 27/IMW*2
13/2MW*21 28/600KW*8
14/2.3MW*12 Zba 20/900KW*6

Fig 6. Research objects: Z72 WTGs in Mid-Taiwan

Table 2. IEC standards for WTG classes (IEC
61400-1 2nd edition) (IEC, 1999)

Wind
turbine class I a S

Ver(ms) 50 425 375

Vag(m/s) 10 85 7.5

A lrer () 0.18 Values specified
(T.1) ' by the designer
B |ref (')
(T.1) 0.16

Rotor diameter 70.65m
Rotor speed Variable, nominal 22.5 rpm
Nominal power 2000 kW

Direct drive generator,

Transmission . . .
single main bearing

Rated wind speed 12.3m/s
Cut-in / Cut-out
. 3-25 m/s
Wind speed
Survival wind speed 70 m/s
Rotor speed control Blade pitch
. 2 and S according to
Wind cl
Ind class IEC 61400-1
Generator mass 49 tons
Rotor mass 36 tons
Nacelle mass 12 tons

However, more than 30 times of WTG
overspeed or pitch motor overcurrent events were
triggered for an individual WTG during the period of
north-eastern monsoon (from Oct. 2013 to Mar.
2014). These kinds of trip events brought excess
fatigue damage to the structure and cut down a lot of
power production as well. The variations of wind
speed and wind T.I. during the period of
north-eastern monsoon are exhibited in Fig 7 and Fig
8. Though the average wind speed during this
period is merely 6.2m/s, while the average T.l. is
calculated to be 0.17. The T.I. is a bit higher than
that of class B in Table 2. The average T.I.
measured for individual WTGs on another day is
listed in Table 3. It can be observed that the
turbulence intensities belong to WTGs #P02, #P03,
and #H18 are much higher than those of the other 17
WTGs. Though the average T.I. in a day is not as
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high as the index les defined in Table 2., the
instantaneously extreme T.l. leads to the WTG
overspeed and may be clarified based on the WTG
speed recording on Oct. 04, 2013. An overspeed
recording for WTG #PO03 is exhibited in Table 4.
Before the overspeed taken place, the pitch angle is
regulated along with the wind speed to maintain the
required power output. However, a reverse
variation of wind speed occurred around 18:36. The
wind speed is suddenly much increased and leads to a
rotor overspeed (threshold 26.5 rpm). The T.I. for
this very short period is about 22.82% (beyond the
IEC standards). The interaction between wind speed,
rotor speed, and pitch angle can be clearly interpreted
by Fig 9. The system response of pitch regulation is
not capable of slowing down the rotor against
extreme turbulent wind. It also means the torque
output of pitch motor is insufficient to restrain the
induced wind force.

Nacelle Wind Speed (m/s)

2013/10/13 00:00 2013/11/22 00:00 2014/1/1 00:00 2014/2/10 0000
Fig 7. Wind speed of Z72-WTG wind farm during the
period of north-eastern monsoon

Turbulence Intensity

A0.00%
35.00%
30.00%
25.00%
20.00%
15.00%
10.00%
5.00%
0.00%
2013/9/13 00:00

2013/11/12 00:00
Fig 8. Wind turbulence intensity of Z72-WTG wind
farm during the period of north-eastern monsoon

2014/1/11 00:00 2014/3/12 00:00

Table 3. Average turbulence intensity (T.l.) on Oct.

04, 2013

WTG No.# T.1. WTG No.# T.1.
P02 0.153 H09 0.075
P03 0.156 H10 0.062
P04 0.112 H11 0.074
HO1 0.072 H12 0.067
HO02 0.849 H13 0.066
HO03 0.061 H14 0.071
HO04 0.093 H15 ---
HO05 0.070 H16 0.074
HO06 0.078 H17 0.086
HO7 0.078 H18 0.141

HO8 0.082
Remark: WTG #H15 was under maintenance
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Table 4. Overspeed recording of WTG #P03

Time (min.: RPM Wind Pitch Angle
sec.) Speed (m/s) (deg.)
18:20 22.1 16.01 12.2
18:25 21.6 13.14 8.1
18:31 21.5 10.85 2.92
18:36 30.2 17.02 10.4
18:41 8.3 14.04 50.8

18:14 18:21 1g:28 1836 18:43
Time (HH:MM)

Fig 9. Interaction between rotor speed, wind speed
and pitch angle

Improvements on pitch regulation system

Analysis of original pitch regulation system

An investigation for the original pitch
regulation system has been performed to find out the
root cause of the WTG trip. Fig 10 (Harakosan,
2013) is an overview of the original pitch system in
the hub of a Z72 WTG. The pitch control box is
equipped in the hub to issue the command for the
three blades. Each blade is driven by an exclusive
pitch motor, as shown in the bottom of Fig 10. A
detail blade pitch driving module is depicted in Fig
11. The gear ratio of the planetary gearbox is 1: 280
and the total gear ratio is 1: 2380. Namely, the pitch
bearing torque should less than 2380*11 Nm = 26.18
kNm during WTG operation, where the number 11 is
the rated torque output of the original pitch motor.

|
Control ok

motor+
gearbox

Fig 1. Pitch syst-em overview for the Z72 wind
turbine
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Fié 11. Pitch motor and its gear assembly

The required motor torque output against the
high-turbulent wind like those in Table 3 can be
evaluated by the software DNV-GL Bladed
(DNV-GL, 2011). In the consideration of design
load case (DLC) 1.2 of IEC 61400-1 design guideline
(IEC, 2010), blade pitch bearing loads under
turbulent wind conditions have been estimated by
DNV-GL Bladed and illustrated in Fig 12. The
statistics for Fig 12 have been listed in Table 5. At
rated wind speed 12m/s, the blade pitch bearing has
the highest average load (19.92 kNm) because the
pitch angle ¢ is set to zero to absorb the maximum
power from the wind. For other wind speed
conditions higher than 12m/s, the pitch bearing
moments are lower due to the load mitigation effect
by the blade pitching. It is obviously that the resulted
pitch bearing load can easily exceeds the torque
output limit (26.18 kNm) of the original pitching
system. The rated torque output of the original
driving module is 11 Nm and the brake torque is 16
Nm. Once the blade encounters such kind of wind
conditions, the overcurrent will certainly be triggered,
and the controller will shut down the WTG
immediately. For example, a load of 15 Nm applied
to the motor and the resulted motor current will be
15/0.55(torque constant) = 27.27 A.  That means the
malfunctions of Z72 WTGs are due to the insufficient
power of pitch control actuator.

Pitch Bearing Moment
S m 20mk ~ 15mk 12mis

lied pitch

Time [s]
Load of blade pitch bearing under various
wind conditions

Fig 12.
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Table 5. Pitch bearing moment analysis (Units: KNM)

m/s Min Mean Max Std. Dev.
30 9.24638 18.9638 32.103 4.20775
25 24456 10.8992 19.9525  3.85956
20 563691 13.9513 26.2141 4.25027
15 224972 11551 40.4894 7.70106
12 9.86087 19.92 36.6597  6.21865

Verification of upgraded pitch regulation system

According to the analysis results shown in Fig
12, a new pitch driving module should be employed
to replace the original components. The new
driving motor should fit in with the controller
operation requirements, the installation space, the
connection interface between the motor and the
original planetary gearbox and do not affect the WTG
stiffness anymore. The comparison of the original
module and the employed new module are listed in
Table 6. The improvement includes 50%, 20%,
160% and 50% increase in the motor rated current,
the motor rated torque, and the motor rated power
and the maximum transient current of motor driver
respectively

Table 6. Comparison between original and new blade
pitch regulation driving module

Specifications Original Required
Motor Rated voltage
(VCD)/ current (A) 171/20 160/30
Motor Rated speed
(RPM)/ torque (Nm) 3000/11 3000/13
Motor Rated power /
Max power (KW) 15/34 39/48
Motor Brake torque
(Nm) 16 32
Drive power (kW)/
Max transient current  5/35 5/52
(A)
Inductive (mH) 2.3 1.3
Resistence (ohm) 0.31 0.31
Ki (Nm/A)
Torque Constant 0.55 0.433
Kw V/(rad/s)
Voltage Constant 0.55 0.50
Motor Inertia 001 001

(Kg-m?)

Before the practical components’ replacement,
the performance of new pitch driving module has
been investigated with the aid of software DNV-GL
Bladed, Adams and Matlab. The actual wind
condition data of Z72 wind farm is also employed in
these analyses. The analysis flowchart is illustrated
in Fig 13. DNV-GL Bladed is employed to evaluate
the loading for blade pitch bearing and Adams is for
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the analysis of WTG dynamics. The wind
conditions, the pitching loads and the system E_1s
dynamics will be all included in the pitching motion EE0 f
analysis by Matlab. The analysis results under wind %0 20 30 a0 g
speed from 10 m/s to 18 m/s and 15 m/s to 25 m/s are 8 ' T T 1

shown in Fig 14 and Fig 15 respectively. Fig 14 is i
the medium wind speed case. The average wind £°
speed is 13.6 m/s and the average motor current is
3.98 A, The resulted max blade torque load is 19 £ 10 el
kNm and the instantaneous motor torque load is 12 §7 opsm =
Nm. In Fig 15, the average wind speed is 18.1 m/s
and the average motor current is 5.37 A.  Although F .

the max instantaneous motor torque load is up to 19 I P e
Nm, the overload case will not occur due to the new 3
motor driver. The new driving module can provide Y e 20 % a0 s 60
two times of rated torque output in 3 seconds (the 20
rated torque output is 13 Nm). Both the simulation 7ol
results have shown a qualified performance of the :
new pitch regulation system. As a result, new S =N & ! J
driving modules have been practically applied to the Tirme (sec:)

WTGs #P02~#P04 for a preliminary validation, as Fig 14. System response of pitch regulation under

shown in Fig 16 and Fig 17. Fig 17(a) is the pitch wind speed from 10m/s to 18m/s
motor driver within the WTG hub. The components

of a motor driver can be seen in Fig 17(b), which
includes a DC motor driver, a power supply and an
Emergency Control Module (ECM).
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(b)
Fig 17. Upgraded pitch motor driver

Regulation performance of improved
pitch control system

Practical performance of new pitch control
system for WTG #P03 has been demonstrated in Fig
18~Fig 20. The average wind speed for Fig 18 is
13.4m/s (slightly exceeds the rated wind speed of
Z72). Under this wind condition, the average motor
current is 4.69A while an instantaneous peak of
24.8A has been observed. Both original system and
new system can operate well under this situation.
The second case is referred to Fig 19; the wind
condition is measured at 22nd July 2014. The
average wind speed and the instantaneous peak wind
speed are 22.5 m/s and 35 m/s respectively. For this
case, the induced average motor current is 5.3A with
an instantaneous peak of 28.1 A. The new pitch
control system still operates well under this wind
condition, but a trip may be triggered for the original
system due to the rated motor current limit (see Table
6). Finally, the last illustration is a severe wind
speed case. The wind condition in Fig 20 is also
measured at 22nd July 2014 and the average wind
speed is beyond 25 m/s. A sudden increase of wind
speed has been observed around 50 sec. The three
blades therefore should be pitched from the working
angle (0 degrees) to the idling angle (84 degrees) to
protect the WTG, as shown in Fig 20. Since the
max transient current of new system is up to 52A
(least for three seconds), the blades can pitch off
continuously even the motor current exceeds the

J. CSME \Wol.41, No.2 (2020)

rated specification (see Table 6 and Fig 20). The
practical performance of the updated system
(variations of motor parameters) is fit in with the
analysis results of Sec. 3. The practical wind
conditions (shown in Fig 18 ~ Fig 20) for the WTG
#P03 is comparable to those recorded on Oct. 04,
2013 (Listed in Table 3 and Table 4). Namely, both
the driving motor specification and the pitching
motion have been confirmed to be qualified for the
local wind conditions.

Average Wind
Speed : 13.4m/s Power Output
rd
- 20, 3
-5 -1
gE B 14 ol ¥ ot sy LRy 7 e s -
£ 1= ,.;.JL A T T e ’.,\.‘\. L_,:ﬂ_- 25
1% 100 200 300 400 500 600
R ] S
z g 20 Pitch Control 0 . ...
2 10} o v
= o i
100 200 300 400 500 600
. 40 I.’vak Current )
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Conclusions

The operation of 21 WTGs in the mid-western
coast of Taiwan has been investigated in this work.
According to the local wind recordings, the
instantaneous turbulence intensity of this wind farm
is quite high and leads to high frequency trip events.
An upgrade of pitch driving system has been
proposed in this work. The system requirements are
evaluated by Software DNV-GL Bladed. The
verification of the proposed pitching system upgrade
is divided into two stages. Preliminary tests for the
driving motor specification is performed by Matlab
analyses.  The pitching motion performance is
verified according to the practical WTG operation
recordings (the second test stage).  After the
upgrade of pitch driving motors and drivers, WTGs
can operate very well under serious wind conditions.
In addition, once an overspeed is encountered, the
blade pitch off procedure can be accomplished in
time to protect the WTG after an emergency
shutdown conducted. The efficacy of the upgraded
system has been studied by the simulations and
practical operations.
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NOMENCLATURE
Cp power coefficient
B twist angle of a blade
¢ global pitch angle
a angle of attack
0 angle of relative wind
v angle referred to the rotor position.

Fn.r normal and tangential force of the resultant force
on the blade

FLp aerodynamic lift and drag force on the blade

Cn,1 coefficient of normal and tangential force

J. CSME \Wol.41, No.2 (2020)

A tip speed ratio (TSR)

w rotational speed of the rotor

r radius at the specified point

V wind velocity at blades

Vel relative wind velocity

Cpre pressure coefficient

T, Tx, Ty, Tz iINduced torques to the blades in three axes
o standard deviation of the wind speed

Vhub the wind velocity at the hub height

Vet Wind speed for defining wind turbine classes
Vavg average annual wind speed

Ies turbulence intensity at a 10 min average wind
speed of 15 m/s

Ki,w torque and voltage constant of the pitch motor
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