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DESCRIPTION

[0001] The present application claims the priority to Chinese Patent Application No.
201611143926.1, titled "DOUBLY-FED WIND TURBINE BLADE IMBALANCE DETECTION
METHOD BASED ON STATOR CURRENT DATA", filed on December 13, 2016 with the
Chinese Patent Office.

FIELD

[0002] The present application relates to the technical field of online fault detection of a wind
power generator system, and in particular to a method for detecting blade imbalance of a
doubly-fed power generator system based on stator current data.

BACKGROUND

[0003] Generally, wind power generator systems operate in a severe environment, in which
blade imbalance in mass may occur due to acts of wind, sand and ice. Further, in recent years,
with the increase in capacity of a wind power generator system and the application of a low-
wind-speed wind power generator system, long blades are used. The imbalance of an impeller,
including aerodynamic imbalance, is transferred to a transmission chain easily, which may
result in an aggravate vibration of the whole wind power generator system, and even result in
an accident.

[0004] It is difficult to construct an accurate detection model due to differences between blades
and complicated fault mechanisms. In a conventional detection method based on a fixed
threshold, the threshold is determined depending on experiences and according to several
times of experiments, thus conventional detection method is not suitable for every wind field
and every kind of blades.

[0005] At present, the blade imbalance of the wind power generator system may be detected
via a detection means such as video analysis, vibration detection, and electrical information.
However, in most of these methods, it is required to arrange an additional device, which results
in not only a high cost, but also poor reliability and adaptability. Recently, researches relating
blade imbalance are performed by many research institutions and wind machine
manufacturers, and some patent applications are also filed. For example, in a patent titled
"METHOD FOR DETECTING IMBLANCE FAULT IN IMPLLER BASED ON STATOR CURRENT
OF A DIUBLY FED WIND POWER GENERATOR SYSTEM", in order to acquire a feature
amplitude, it is required to perform secondary derivation to reconstruct a stator current and
perform two times of FFT transform, resulting in a complicated processing process. For
example, in a patent titted "METHOD FOR DETECTING IMBLANCE FAULT AMONG BLADES
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OF DOUBLY-FED WIND POWER GENERATOR", it is required to collect a voltage and a
current, and perform process on the electric power, which may be feasible in theory, while
have a poor adaptability for wind fields at different regions, blades of different manufactures
and operating conditions of different wind machines.

[0006] Patent application No. CN105756864A relates to a blade imbalance fault diagnosis
method based on a stator current of a double-fed wind generating set. The blade imbalance
fault diagnosis method includes: controlling the double-fed wind generating set to operate in a
detection mode, and keeping the wind generating set to operate at a constant rotating speed;
synchronously acquiring a set stator phase current i and a generator rotating speed r in the

constant-speed operating stage, which meet requirements; according to the acquired
generator rotating speed r, calculating a base frequency of an impeller speed, performing
signal processing by using an envelope spectrum to obtain an envelope spectrum If after
performing wavelet filtering processing on the stator phase current ian; extracting a base

frequency amplitude M(1) and a k-multiple frequency amplitude M(k) of the impeller speed in
the envelope spectrum If and using the base frequency amplitude M(1) and the k-multiple
frequency amplitude M(Kk) of the impeller speed as features, where k represents the number of
blades; comparing the base frequency amplitude M(1) and the k-multiple frequency amplitude
M(k), and if M(1) is greater than a*M(k), determining that blade imbalance exists, where a
represents a preset amplitude ratio.

[0007] Patent application US2011036166 discloses a method and to determine the degree of
residual mass unbalance and a corrective balance solution for a rotating assembly having a
non-vertical axis of rotation. The method consists of measuring the average instantaneous real
power over an interval of time, calculating the Fourier Transform of the demodulated signal,
establishing the peak amplitude and phase associated with the angular velocity of the rotating
assembly and calculating the amount of unbalance. The method to provide for a corrective
solution consists of simultaneously acquiring a position reference signal of the rotating
assembly with the average instantaneous real power signal, calculating the phase difference
between the two acquired signals at the angular velocity of the rotating assembly, calculating
the magnitude of the unbalance, and calculating the quantity and location of corrective weight
necessary to minimize the unbalance to an acceptable level.

[0008] Patent application DE102011086608 discloses a method for determining the rotational
speed of the rotor of a wind turbine and/or for monitoring the state of a rotor blade of a wind
turbine. The rotational speed of the rotor is determined by ascertaining the period of oscillation
of the motor current. The rotor position is determined by way of zero point evaluation and
gradient evaluation, and/or the state of the rotor blade is determined with the aid of a time or
frequency analysis of the motor current of at least one blade adjustment motor.

[0009] Patent application No. CN104184383 discloses a doubly-fed wind power generator
stator current diagnosis method for an impeller imbalance fault. The fundamental frequency of
the stator single-phase current is extracted by utilizing FFT analysis. The fault characteristic
component of the stator single-phase current under the impeller imbalance fault is calculated
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using the fundamental frequency. An FFT is used to obtain a spectral analysis on an obtained
fault characteristic component of the stator phase current. Characteristic frequency amplitude
values of the wind generation set under normal circumstances are compared to judge the
severity of the fault.

[0010] Patent application No. US2016033580A1 relates to detecting faults in Turbine
Generators, turbine generator faults can be detected by receiving a current signal from the
turbine generator, and synchronously sampling the current signal to obtain a set of current
signal samples that are evenly spaced in the phase domain, in which phase differences
between adjacent current signal samples in the set of current signal samples are substantially
the same. The process includes generating a frequency spectrum of the current signal
samples, identifying one or more excitations in the frequency spectrum, and detecting a fault in
the turbine generator based on the one or more excitations in the frequency spectrum.

SUMMARY

[0011] In order to overcome disadvantages in accuracy and adaptability of a conventional
method for detecting blade imbalance of a doubly-fed wind power generator system, a method
for detecting blade imbalance of a doubly-fed wind power generator system based on stator
current data is provided in the present application, which is performed easily and achieves
good accuracy and adaptability.

[0012] The following technical solution is provided in the present application, to solve the
above technical problems.

[0013] A method for detecting blade imbalance of a doubly-fed wind power generator system
based on stator current data is provided, which includes the following steps of:

1. 1) collecting, on a condition of blade balance, multiple sets of data during a time period
where the doubly-fed wind power generator system operates at a constant rotational
speed, each of the multiple sets of data including a stator phase current i and a

rotational speed r, and performing a Hilbert transform on the stator phase current is, to

obtain an amplitude envelope signal, where no pitch operation is performed in collecting
the data;

2. 2) performing a FFT transform on the amplitude envelope signal obtained in step 1, and
calculating a base rotational frequency f(1) of an impeller based on the rotational speed
r of the doubly-fed wind power generator system;

3. 3) determining an amplitude at the base rotational frequency of the impeller based on
results obtained in steps 1) and 2), and performing a fitting operation to obtain a curve
for showing a relationship between the amplitude at the base rotational frequency and
the stator phase current in the case of blade balance,;

4. 4) collecting the stator phase current j4 and the rotational speed r during the time period

where the doubly-fed wind power generator system operates at the constant rotational
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speed, and calculating an amplitude Q(7) at the base rotational frequency according to
steps 1) and 2);

5. 5) calculating Q_base(1) based on the stator phase current collected in step 4) in
conjunction with the curve obtained in step 3), where Q_base(Y) indicates a reference
amplitude at the base rotational frequency; and

6. 6) comparing Q(7) with Q_base(1)+offset, and determining that there is the blade
imbalance in a case that Q(7) > Q_base(1)+offset, where an imbalance degree is
calculated based on a difference between Q(7) and Q_base(1)+offset, and where the
offset indicates a residual compensation and is determined based on theoretical analysis
and the collected plurality sets of data in combination with an influence of residual in the
least square method.

[0014] Further, in step 1), during the time period where the doubly-fed wind power generator
system operates at the constant rotational speed, a root mean square value of the rotational
speed is within a set range, which ranges from 0 to 15.

[0015] Further, in step 2), the base rotational frequency f (1) of the impeller is calculated
based on the rotational speed r of the doubly-fed wind power generator system according to
the following equation:

f=—— (N

where r indicates the rotational speed of the doubly-fed wind power generator system, b
indicates a gearbox ratio.

[0016] Further, in step 3), the fitting operation is performed with the least square method
according to the following equation:
PX) = Ay, (X) + a4 (X) +++a,0,(x) )

where ¢(x) indicates a function to be determined, {¢g(x),$1(X), - ¢,(X)} indicates a function

class, and ag,a4, --a,, indicate coefficients to be determined, and
P: . " \_ .2 .
min ,Z:E[W(xl) ] (3)
where P indicates a minimum value of a quadratic sum of a difference between determined
data and actual data.

[0017] The following beneficial effects can be achieved in the present application. In one hand,
it is unnecessary to arrange another device for collecting data, leading to a low hardware cost.
In the other hand, an amplitude for a fault is small, and varies depending on an operation
condition. In this application, a reference amplitude is obtained by a fitting operation, and a
determination is made by comparing an actual amplitude with the reference amplitude, thereby
eliminating interference of noises. In addition, the detection rate is improved due to error
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compensation.

BRIEF DESCRIPTION OF THE DRAWINGS

[0018] In order to illustrate more clearly the technical solutions in the embodiments of the
present application, the drawings to be used in the description of the embodiments are briefly
described hereinafter. It is apparent that, the drawings described hereinafter are only some
embodiments of the present application, other drawings may be obtained by those skilled in
the art based on the drawings without any creative effort.

Figure 1 is a flowchart of a method according to the present application;
Figure 2 is a flow chart of a signal analysis process;

Figure 3 is a curve graph showing a torque and a rotational speed of a doubly-fed wind power
generator system in a case of blade balance;

Figure 4 is a curve graph showing a stator phase current A and a rotational speed curve of a
doubly-fed wind power generator system in a case of blade balance;

Figure 5 is a curve graph showing comparison between amplitudes obtained by performing a
FFT transform on the phase currents A respectively in a case of blade balance and in a case
of blade imbalance;

Figure 6 is a curve graph showing a comparison between spectrums obtained by performing a
Hilbert transform respectively in a case of blade balance and in a case of blade imbalance;

Figure 7 is a curve graph showing relationships between a feature amplitude and an effective
amplitude of a phase current respectively in a case of blade balance and in a case of blade
imbalance; and

Figure 8 is a curve graph showing a comparison among detection results determined
respectively in three cases of blades.

DETAILED DESCRIPTION

[0019] The present application is described in conjunction with the drawings hereinafter.

[0020] Referring to Figures 1 to 8, a method for detecting blade imbalance of a doubly-fed
wind power generator system based on stator current data is provided, which includes the
following steps 1) to 6).
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[0021] In step 1), on a condition of blade balance, a stator phase current /4 and a rotational

speed r of the doubly-fed wind power generator system are collected during a time period
where the doubly-fed wind power generator system operates around a constant rotational
speed. In a case of blade imbalance, the stator current may be affected. Description is made
by taking an imbalance in mass as an example. It is assumed that a mass block m is arranged
at a position of a blade away from a wheel hub for a distance R, an aerodynamic torque in this
case may be determined according to the following equation:

T =1,+mgRsin(o, t+@,) (4

where T, indicates an output torque of the doubly-fed wind power generator system, wp,
indicates a rotational speed of an impeller, ¢g indicates an initial phase. Step 1) further includes

the following steps 1.1) to 1.4).

[0022] In step 1.1), based on the equation (4) and in combination with a rotor motion equation,
an electromagnetic torque may be obtained according to the following equation:
1, =1,+VI sin{o,t+q,) 3)

e

where T, indicates the electromagnetic torque of the wind power generator system, VT,
indicates an amplitude of an imbalance torque, ¢oq indicates an initial phase. It may be seen

that there is an oscillation component in an electromagnetic torque.

[0023] In step 1.2), in a case that a direction of a voltage in the power grid is determined, a
generator convention is used at a stator side, and a motor convention is used at a rotor side, a
coordinate transformation is performed to obtain an expression of the electromagnetic torque
in a dq coordinate system. Thus, the stator current igq along a d axis is obtained according to
the following equation:

iy =i Vi sin{o +¢ ) (6)

where jgq indicates a current along the d axis, Vigy indicates an amplitude of the oscillating

component, ¢4 indicates an initial phase.

[0024] In step 1.3), based on step 1.2), a stator voltage equation and a flux linkage in the dq
coordinate system may be represented by the following equations (7) and (8), respectively. A
stator current along a q axis may be determined according to the equation (6).

ey =—Ri, — py, + oW,

[ o ] .d o8 17 sq (7)
lusq =-Ri, —py, - OV,

wsd =0
8
l//Sq et l//S I~ ﬂ ( )
a)l
iy, =i, Vi sin@,1+9,) ©)

[0025] In step 1.4), a coordinate transformation is performed on the stator current in the dq
coordinate system, to obtain the stator phase current ia in the abc coordinate system.

s P N (1‘“ Lors . N . a. ]IY' rs . N . 1}
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I, =l S +¢,)+ 15\/154 smjle, +eo )+@,+@ |+ EVZW cos[(@,, +w )+ (qu + @, |J>

1 . 1
+{§V1’5d sinl(w,, —@)t+ ¢, — @] —sz'Sq cos[(@, —w )t + @, — (/)0]} (10)

=10t T

sal

[0026] It can be seen from the equation (10) that, a harmonic component f £ f;; may be

generated in the stator current in the case of blade imbalance.

[0027] The Hilbert transform is performed on collected data, and the FFT transform is
performed on an amplitude envelope signal.

[0028] The Hilbert transform is performed on the stator phase current /s, to obtain a signal ig,
so as to obtain an analysis signal Z(f), and an amplitude envelope signal A(f) is determined
based on the analysis signal.

0=~ [ "X er = () - (11)
T =T Tt

where jg(t) indicates an output obtained by performing the Hilbert transform on is(?).
Z(1) =i,(1)+ jiy(D) (12)

where Z(f) indicates an analysis function.
Alt) = (z’A (t))‘ +(iH(t))‘ (13)

where A(f) indicates an amplitude envelope signal of the stator phase current iy .

[0029] In step 2), a FFT transform is performed on the amplitude envelope signal obtained in
step 1, and a base rotational frequency f(1) of the impeller is calculated based on the rotational
speed r of the wind power generator system according to the following equation:

— r
f(l)_60><b (1)

[0030] In step 3), the FFT transform is performed on the amplitude envelope signal A(t) to
obtain a frequency spectrum signal, and an amplitude at the base rotational speed of the
impeller is determined. A fitting operation is performed with the least square method to obtain a
curve for showing a relationship between the amplitude at the base rotational frequency and
the stator phase current in the case of blade balance according to the following equation:

p(x)=a,p,(x)+a,p(x)++a,0,(x) (2)

where ¢(x) indicates a function to be determined, {¢o(x).¢1(x),"--9(x)} indicates a function

class, and ag,aq,"'-a, indicate coefficients to be determined.

m

P=min Y [p(x) -] 3)

plxlep 7o
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where P indicates a minimum value of a quadratic sum of a difference between determined
data and an actual data.

[0031] In step 4), the stator phase current and the rotational speed are collected in a case that
the doubly-fed wind power generator system operates, and a feature amplitude Q(1) at the
base rotational frequency of the wind power generator system is determined according to
steps 1) and 2).

[0032] In step 5), a reference amplitude Q_base(1) under the operation condition is
determined based on the stator current data collected in step 4) in conjunction with the curve
obtained in step 3).

[0033] In step 6), the Q(1) is compared with the Q_base(1), and it is determined that there is
blade imbalance if Q(1) > Q_base(1)+offset .

[0034] The parameters involved in the embodiment may be obtained from sensors arranged in
the wind power generator system, and it is unnecessary to arrange another device, such that a
detection cost is low.

[0035] The amplitude of the fault is small, and varies depending on the operation condition. In
this application, a reference amplitude is obtained by a fitting operation, and a determination is
made by comparing an actual amplitude with the reference amplitude, thereby eliminating
interference of noise. In addition, error compensation is performed, which improves the
detection rate.

[0036] Taking a 1.5MW doubly-fed wind power generator system with three blades as an
example. In a case that the doubly-fed wind power generator system operates at a constant
rotational speed, that is, a rotational speed around 1750rpm, an operating range is as shown
in Figure 3. The rotational speed and the stator phase current of the doubly-fed wind power
generator system around the constant rotational speed are collected, and signal analysis is
performed on the collected rotational speed and stator phase current, waveforms of the stator
phase current and the rotational speed in a time domain are as shown in Figure 4. Figure 5 is
a curve graph showing the stator phase current in a frequency domain respectively in the case
of blade balance and in the case of blade imbalance. It can be seen apparently from Figure 5
that there is a difference at the frequency f = 50+0.275Hz between amplitudes in the two
cases, and an amplitude in the case of blade imbalance is larger than an amplitude in the case
of blade balance. In order to further eliminate the noise and collect the feature parameter
accurately, the Hilbert transform is performed to obtain an amplitude envelope signal, and the
FFT transform is performed on the amplitude envelope signal, the spectrum is as shown in
Figure 6. Figure 7 is a curve graph showing relationships between the feature amplitude and
the stator phase current A respectively in the case of blade balance and in the case of blade
imbalance, a solid line indicates a curve in the case of blade balance and a dotted line
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indicates a curve in the case of blade imbalance, and it can be seen apparently that the feature
amplitude increases significantly with an increase of an output power at a stator side.

[0037] It is to be noted that, the case that the wind power generator system operates at a
constant rotational speed mentioned herein indicates that the wind power generator system
operates at a rotational speed ranging from 1700rpm to 1800rpm, and no pitch is performed.
In this case, the output power of the wind power generator system is close to a rated power. If
the pitch is performed in the case that the wind power generator system operates at a constant
rotational speed, it may be difficult to collect the fault information.

[0038] The following three cases are described as an example. In a first case, there is blade
balance. In a second case, a propeller pitch angle of one blade has a deviation of two degrees.
In a third case, a propeller pitch angle of one blade has a deviation of four degrees. In the
above three cases, during a time period where the wind power generator system operates at a
constant rotational speed, the stator phase current and the rotational speed of the wind power
generator system are collected for analysis. In a case that the wind power generator system
operates at a constant rotational speed, multiple sets of data each including the stator phase
current and the rotational speed are to be collected.

[0039] Eight sets of data are collected for each of the above three cases, thus twenty four sets
of data are obtained. The twenty four sets of data are analyzed with the method of the present
application, and Q(7) is compared with Q_base (71)+offset. Figure 8 is a statistical graph
showing results determined respectively in the above three cases, the horizontal coordinate
indicates the number of sets of data and the longitudinal coordinate indicates a difference
between Q(1) and Q_base (1)+offset.

[0040] A lower part of Figure 8 shows data obtained in the case of blade balance, a middle
part of Figure 8 shows data obtained in the case that a propeller pitch angle of one blade has a
deviation of two degrees, and an upper part shows data obtained in the case that a propeller
pitch angle of one blade has a deviation of four degrees. It can be seen from Figure 8 that, the
amplitude is less than or close to zero in the case of blade balance, the amplitude is greater
than zero in the case of blade imbalance, and a large imbalance degree corresponds to a
large amplitude. Therefore, it may be determined whether there is blade imbalance based on
an amplitude for a detection object along the longitudinal coordinate. Considering that different
blades have different structures and aerodynamic designs, the offset for a blade should be
determined based on the theoretical analysis and actually measured data in combination with
the influence of residual in the least square method.

[0041] It can be determined from a large amount of experimental data that, the difference
between Q(1) and Q_base(7)+offset is less than zero in the case of blade balance, the
difference is greater than zero in the case of blade imbalance. Therefore, in the present
application, it may be determined whether there is blade imbalance based on the difference
between Q(1) and Q_base(1)+offset, that is, in a case that the difference is larger than zero, it
may be determined that there is blade imbalance. The determination method of the present
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application is obtained based on a large amount of experimental data and is not limited to this
example.

[0042] In the present application, it is determined whether there is blade imbalance based on
the rotational speed and the stator phase current of the doubly-fed wind power generator
system, the required data may be collected by a data collecting device of the wind power
generator system. The doubly-fed wind power generator system may operate in a detection
mode for a short time period, effective data packet may be quickly obtained, which is simple
and effective, and has a low detection cost, such that the method in the present application is
effective and reliable in detection an imbalance among blades.

[0043] Finally, it should be noted that the above embodiments are only used to illustrate the
technical solution of the present application rather than a limit, it is to be understood by those
skilled in the art that various modification and variations may be made to these embodiments
without departing from the scope of the present application defined by appended claims.
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Patentkrav

1. Fremgangsmade til at detektere vingeubalance i et dobbeltforsynet vind-
kraftgeneratorsystem baseret pa statorstremdata, omfattende trin med:

1) indsamling, pa betingelse af vingebalance, af en flerhed af dataseet i en
tidsperiode, hvor det dobbeltforsynede vindkraftgeneratorsystem arbejder ved
en konstant rotationshastighed, hvor ethvert af flerheden af dataseet omfatter
en statorfasestrem ia 0g en rotationshastighed hastighed r, og udfarelse af en
Hilbert-transformation pa statorfasestreammen ia, for at opna et amplitudeind-
hylningssignal, hvor ingen pitch-operation udfgres ved indsamling af dataene;
2) udferelse en FFT-transformation pa det amplitudeindhylningssignal, der er
opnaet i trin 1, og beregning af en basisrotationsfrekvens f(1) af et skovlhjul
baseret pa rotationshastigheden r af det dobbelttilfarte vindkraftgeneratorsy-
stem;

3) bestemmelse af en amplitude ved skovlhjulets basisrotationsfrekvens base-
ret pa resultater, der er opnaet i trin 1) og 2), og udfarelse af en tilpasnings-
operation med en fremgangsmade af den mindste kvadrat for at opna en kurve
til at vise en sammenhaeng mellem amplituden ved basisrotationsfrekvensen
og statorfasestrem i tilfeelde af vingebalance;

4) opsamling af statorfasestremmen is og rotationshastigheden ri det tidsrum,
hvor det dobbelttilfarte vindkraftgeneratorsystem arbejder ved den konstante
rotationshastighed, og beregning af en amplitude Q(1) ved basisrotationsfre-
kvensen i henhold til trin 1) og 2);

5) beregning af Q_base(1) baseret pa den statorfasestrem, der er opsamlet i
trin 4) i forbindelse med den kurve, der er opnaet i trin 3), hvor Q_base(1)
angiver en referenceamplitude ved basisrotationsfrekvensen; og

6) sammenligning af Q(7) med Q_base(1)+offset, og bestemme, at vingeuba-
lancen foreligger i et tilfeelde, hvor Q(1) > Q base(1)+offset, hvor en ubalance-

grad beregnes baseret pa en forskel mellem Q(1) og Q_base(1)+offset, og
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hvor offset angiver en residualkompensation og bestemmes baseret pa teore-
tisk analyse og de indsamlede flerhed af dataseet i kombination med en indfly-

delse af residual i fremgangsmaden af den mindste kvadrat.

2. Fremgangsmade til at detektere vingeubalance i et dobbeltforsynet vind-
kraftgeneratorsystem baseret pa statorstremdata ifelge krav 1, hvor

deritrin 1), i det tidsrum, hvor det dobbeltforsynede vindkraftgeneratorsystem
fungerer ved den konstante rotationshastighed, er fastsat en kvadratisk mid-

delveerdi af rotationshastigheden inden for et fastsat omrade.

3. Fremgangsmade til at detektere vingeubalance i et dobbeltforsynet vind-
kraftgeneratorsystem baseret pa statorstremdata ifelge krav 1 eller 2, hvor

i trin 2) beregnes basisrotationsfrekvensen f (1) af skovlhjulet pa basis af rota-
tionshastigheden r af det dobbelttilfarte vindkraftgeneratorsystem i overens-

stemmelse med den felgende ligning:

f= 60’; - )

hvor r angiver rotationshastigheden af det dobbelttilfarte vindkraftgeneratorsy-

stem, og b angiver et gearkasseforhold.

4. Fremgangsmade til at detektere vingeubalance i et dobbeltforsynet vind-
kraftgeneratorsystem baseret pa statorstremdata ifelge krav 1 eller 2, hvor

i trin 3) udfares tilpasningsoperationen med fremgangsmaden af den mindste
kvadrat i overensstemmelse med den falgende ligning:

P(X) = a0, (x) + @ (X)+- +a,p,(x) ()

hvor ¢(x) angiver en funktion, der skal bestemmes, {¢o(x),91(x), - @n(x)} angiver

en funktionsklasse, og ao,a1, --an angiver koefficienter, der skal bestemmes,
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0g

P=min 3 [o(x) -y (3)

hvor P angiver en minimumsveerdi af en kvadratisk sum af en forskel mellem

bestemte data og faktiske data.
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