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Abstract: Wind shear is among the important sources of torque fluctuation on mechanical side and
output power fluctuation on electromagnetic side and grid connection point, which frequency are
triple turbine rotation frequency. With the increase in wind turbine single capacity and wind power
integration scale, the power fluctuation caused by wind shear cannot be ignored. The paper takes a
direct-drive permanent magnet synchronous wind turbine (PMSWT) as the research object. Firstly,
the fluctuation transfer mechanism model is established; then, the current ripple is extracted by a
notch filter to calculate the voltage control signal to suppress power fluctuation actively by the DC link
capacitor which absorbs fluctuation energy. The simulation experiment shows that the suppression
strategy is effective and reliable.

Keywords: wind shear; triple frequency ripple; PMSWT; notch filter; active suppression method

1. Introduction

Since wind speed increases with vertical height, the wind resource received by the wind turbine
at a transient moment is not a constant value, which causes a series of problems related to wind
shear [1-4]. Dale S. L. Dolan has completed the modeling of the output torque of a three-bladed
wind turbine under wind shear, showing that wind shear causes 3p fluctuation and a small mean
reduction in the output torque of the wind turbine [5]. When the generator is driven by the undulatory
torque, the shaft speed and rotor speed of permanent magnet synchronous generator (PMSG) would
be periodically fluctuating at 3p frequency as well [6]. Such forced fluctuation of wind turbine torque
under wind shear would cause a series of power quality issues [7-9].

Focusing on those power quality issues, Roohollah Fadaeinedjad completed a comprehensive
analysis by simulation in TurbSim and FAST, the analysis result shows that wind shear would cause 3p
frequency periodic impacts in output power [10]; meanwhile, the periodic variation of terminal voltage
exists as a voltage flicker in the three-phase, which is a great challenge when integrating wind energy
into grid [11]. With the increase in wind power integration scale, the grid-connected point voltage
stability issues in the high penetration power network become a highly concerning problem [12,13].

There have been many solutions regarding the power quality issues listed above, which basically
can be classified into two categories: (1) damping control on the generator part; (2) adding a power
storage device in a converter combined with a control strategy. Weihao Hu notices that by adding
inverse oscillation to the rotor speed of the generator, the 3p frequency voltage flicker and active power
fluctuation can be partly dampened [14]; yet considering the control strategy of permanent magnet
synchronous wind turbine (PMSWT), the electromotive force feedback loop is related to rotor speed,
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which is the main reason for limiting the efficiency of dampening 3p frequency fluctuation. Shen Wang
proposes a dampening method by installing an induction machine damping unit on the shaft of the
generator to dampen the fluctuation of the shaft [15], but it has a lack of feasibility. Additionally, there is
power storage equipment many researchers tend to add into the converter to store the undulatory
power in case it flows into the grid and causes power quality issues. S. D. Gamini Jayasinghe proves
that supercapacitors can mitigate the power fluctuation [16], but the additional supercapacitor would
not work without an auxiliary inverter; similarly, the flywheel energy storage technology is used to
smooth the power fluctuation injected to the grid [17]; however, both of them increase the cost and
control complexity of the system. To avoid the extra cost, the inherent capacitor of the back-to-back
converter is used to store the power fluctuation with no extra equipment [18].

In this paper, PMSWT with a dual-loop control under wind shear is selected as a research subject,
and fluctuations or ripples caused by wind shear are summarized and modeled; the fluctuation transfer
process and their frequency characteristics are analyzed. To achieve the ripple power storage in the
capacitor, the current ripple in the DC link of is extracted by a notch filter, and based on the result of
ripple extraction, a ripple control signal is added to the voltage loop of the grid side, which makes the
voltage of the converter capacitor take the initiative to store the power fluctuation. The simulation
results have proved the accuracy of the ripple analysis and the effectiveness of the ripple power
storage strategy.

2. Transfer Mechanism Analysis of Fluctuation Caused by Wind Shear in PMSWT System

In this chapter, mathematical models are established, including generator-side models, PWM
converters model, and the ripple transfer mechanisms of the wind shear from mechanical side to the
grid connection point are analyzed.

2.1. Ripple Analysis in Generator-Side

The variation tendency of wind speed in vertical height is generally described by an exponential
function. Taking the wind speed V) at the hub height H as the reference, the wind speed V() at any
height h takes the wind shear coefficient « as the index. According to the Momentum-Blade Element
theory, the equivalent wind speed at the single blade is:

V(r,0) = Vo(1 + 22)" = Vo[l + W(r,0)]
1)

W(r,0) = a(%)cos@ + a(az_l)(f])zcosze + w(ﬁ)g cos® 6

In Equation (1), W(r, 0) is the wind shear function in three-order Taylor expansion, where cos? 0
and cos® 6 can be decomposed into polynomials with cos 8, cos 26, and cos 30; r is the converted
distance between the blade element and the hub; 0 is the rotation azimuth. The parameters are shown
in Figure 1.

Figure 1. Schematic of some wind turbine parameters.
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When the PMSWT is running, the equivalent output torque under 3 blades is:

3 R
Twm = 3Ty + 2 f o(r)[V(r, 0,) — Voldr

n=1v7"

@)

In Equation (2), Ty is the steady torque by Vj; g is the distance between the blade root and the
hub; R is the blade length; 6(r) is the influence coefficient of an aerodynamic load when the distance
between the blade element and the hub is r; n is the number of the blades. After superposition of
wind shear effect of 3 symmetrical blades, the cos 0 term is 0 and cos 26 is steady, but the cos 36 term
fluctuates in equivalent wind speed. So, the wind shear causes periodic fluctuation of output torque T,
and the fluctuation frequency is 3 times the basis frequency of rotor speed (3p). T, can be expressed as:

Tw(t) = Tme + Ar(t) cos(Bwuct + Or) ®3)

In Equation (3), Ty is the steady component; Ar(f) is the amplitude of the fluctuation component;
@y is the rotor rotation frequency; Or is the initial phase of the fluctuation torque component. Since
the rotor of PMSG is rigidly connected with the shaft of the wind turbine, when PMSG is driven by
the ripple torque, the rotor speed will be oscillated as well. The topology of the PMSWT system with
dual-loop control strategy can be shown as following Figure 2:
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Figure 2. The topology of the permanent magnet synchronous wind turbine (PMSWT) system and
dual-loop control strategy.

In Figure 2, according to the detected wind speed vy, the maximum power point tracking (MPPT)
module outputs a rotor speed command, which becomes the outer loop of the generator-side after
comparing it with the actual rotor speed w;,. Meanwhile, the stator current in rotating coordinate
forms the inner loop. The diagram of the generator-side of the PMSWT system is shown below:
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In Figure 3, PI, is the PI controller of the outer loop and its transfer function equals
G1 = Kp, + Ki/s; Pl is the PI controller of the inner loop and its transfer function equals
G2 = Kp; + Kji/s; Ky is the gain of the rectifier; Ls; is the g-axis line impedance of line connected to
grid, G4 represents the line impedance which equals 1/ (sLSq + Rs>; K; is the gain from stator current
to electromagnetic torque of generator and it equals G5 = 1.51,y¢, Y ¢ is the flux linkage of the rotor,
1y is the number of poles of PMSG; Gg is 1/s], ] is the inertia constant; K,, is the gain from rotor speed
to g-axis inductive voltage and equals G; = n,¢; T is the output torque of wind turbine.

\ 4

Figure 3. Diagram of generator-side in g-axis.

The PMSG is forced by the ripple torque component constantly, and the rotor speed command is
from the MPPT module and is a constant value under a certain wind speed, so the rotor speed will be
changing periodically. After the simplification of Figure 3, the transfer function between fluctuation
torque and rotor speed in the complex frequency domain can be described as:

a)w(s) B G2G3G6 + G%G§G4G6 (4)
Tu(s)  G1G2G2G4GsGs + G2G3G4Gs5GeGy + GoGs + G2G2Gy
Similarly:
uq(s) B —G%G%G3G6 (5)

Tu(s)  Gi1Ga + (G1G2G3G4Ge + GiGe)(G1G2Gs — 1)

According to Equations (3) and (4), the rotor speed is forced to oscillate periodically under wind
shear. Since the transfer function can be regarded as a phase shift without affecting the frequency
characteristic from the complex frequency domain to s domain, the rotor speed in this circumstance
can also be written in the same form as Equation (3):

wy(t) = wye + Awp(t) cosBwyct + 64) (6)

Similarly:
ug(t) = uge + Ay(t) cos(Bwyct + 0y) (7)

In Equation (6), A, (t) is the amplitude of the rotor speed’s oscillation, 0, is the initial phase of
rotor speed oscillation which is effected by Equation (4) and 6. In Equation (7), A, (t) is the amplitude
of voltage oscillation, and 6, is the initial phase of voltage oscillation which is affected by Equation (5)
and O7.

Based on the equivalent circuit of PMSG shown in Figure 4, the d/q-axis current of the stator
which represents the amplitude of stator AC under wind shear can be described in Equation (8).

deizlgt) = —Rig(t) + ug(t) + we(t)Lyig(t) ®
L0~ Riy(t) + 1g() - we(O)Laia (£) — e (£)5




Energies 2020, 13, 5088 5o0f 14

R id Ld a)e Lfl i‘i R l L a)e Ld id

| N\t
N\
5
| N\t

N
Q:
RS
<
N\
I\ +

(a) (b)

Figure 4. Equivalent circuit of PMSG in d/g-axis. (a) d-axis circuit; (b) g-axis circuit.

In Equation (8), Ly or Ly is the equivalent inductance of PMSG in d or g-axis; in the same way, 1,
or u, is the equivalent terminal voltage in d or g-axis and is shown in Figure 3; i; or i, is the stator
current in d or g-axis; we is the electrical angular speed, which equals 1,ws.

From Figure 2, the d-axis current of the stator can be considered as 0 in a dual-loop PMSWT
system, so the d-axis current in the g-axis equation in Equation (8) can be ignored, and the rotor speed
can be described as a sum of one steady component and one periodic component based on Equation (6);
Equation (8) can be unfolded as:

diq(t)
T dt

= —Rgig(t) + ug(t) = mpwwchr —npAep () cos(Bwwct + Ou) 9)

In Equation (9), i; can be considered as the sum of a ripple component, a steady component, and a
transient component. The ripple component above is changing periodically at 3wy, as the transient
component will disappear within a short time; so, i; in this situation can be written as:

ig(t) = ige + Ajcos(Bwuct + 65) (10)

2.2. Ripple Distribution in Converts and the Grid Connection Point

In a PMSWT system, as shown in Figure 2, the ripple current can be described with power
constrains of the converter because there is no power consumption in converter. The sketch diagram of
converter can be drawn as the following:

In Figure 5, the current and voltage in the DC link are noted; when the ripple current flows into
the converter, there will be a ripple in the current, voltage and power of DC link, which will cause
power quality issues after flowing into the grid. The DC link current under wind shear can be obtained
from power constraints as:

Pgen(t) = PdC(t) (11)

10 ii

Generator-side L. Grid-side

- Ug——C L

Figure 5. Sketch diagram of the converter in PMSWT system.
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In Equation (10), Pgey, is the output power from the generator, and P, is the input power of the
DC link. Based on Equation (11), the DC link current i,, can be obtained from:

{ Peen(t) = ug(t)ig(t) + ua(t)ia(t) )

Pdc(t) = udc(t)iro(t)

Combining Equation (12) with Equations (7) and (10) and ignoring the harmonics produced by
rectification, iy, can be considered as a combination of a steady component and a ripple component as
Equation (13), where i, (t) = Ay cos(3wwct + ).

iro(t) = iroe + Arocos(Bwypct + 6Os) (13)

The current distribution in the converter also satisfies Equation (14) based on KCL. The original
control strategy of the grid-side converter is to keep the capacitor voltage 1. steady, so the ripple of
the capacitor current is negligible. Thus, the current ripple correlation is as Equation (15).

iro(t) = ic(t) + iii(t) (14)
in(t) = di(t) (15)
The current ripplepivro (t) is flowing into the grid line bringing power quality issues, which is similar
to the interharmonics in the generator-side. The grid-side d-axis current i¢; can be calculated based on
the power constrains:
Udc (t)
Ugd ( t)
So, the d-axis current can also be considered as a combination of a steady ingredient and a
ripple component:

iga (1) = iii(t) (16)

iga(t) = iga + iga(t) = igae + Aiga c08(3wuct + 05) (17)

By the coordinate transformation, the d-axis grid current in static three-phase coordinates is:

iga(t) sinw,t sin[(wg + 3wwe)t + 65] + sin[(wg — 3wyt — O5)
igh(t) = _igdc Sin(a)gt— %Tl) _Aigd sin[(wg + Bwepe )t — %n + 6s5] + sin[(a)g—3a)wc)t— %7‘(—6@} (18)
gc(t) sin(wgt + %n sin[(wg + 3wye)t + %n + 0s] + sin[(wg —3wwe)t + :%7'[—96]

In Equation (18), the current interharmonics in the grid line distribute besides the power frequency
of the grid, which is 50 + 3wy./(27) Hz.

When the current interharmonics are flowing through the grid line, there will be voltage fluctuation
on the line because of line impedance, which can be described as below:

Uga(t) sinwgt Ze 0 0 sin[(wg + 3wae)t + Os] + sin[(wg = 3wawe)t = O] Zg 0
“gh(t) = —lgde Sin(wgf_%”) 0 Zgyp 0 |-Aig Si—“[(mg + 3“’11}6)[_%” + 6] + Sin[(a7g—3u)w)t— %n—@b] 0 Zgp 0 (19)
tge(t) sin(wgt + 3m) 0 0 Zg sin[(wg + 3wwc)t + 37 + 5] + sin[(wg —3wwe)t + %1 — 03] 0 0 Zg

In Equation (19), Zg,, Zgb and Zg are the line impedance shown in Figure 2. As shown in
Equation (19), there are interharmonic components in the voltage drop of the grid line, which reveal
the essence of power quality issues caused by wind shear: the current interharmonics cause the voltage
interharmonics on the grid line, which, based on Equations (18) and (19), can be explained as a 50 Hz
AC voltage with its amplitude changing periodically, which is also known as a flicker in [5].

According to the above, the fluctuation caused by the wind shear brings the same frequency
power ripple in the converter and is transmitted to the side of the grid.
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3. Fluctuation Power Suppression Method Based on Ripple Current Extraction by Adaptive
Notch Filter

To achieve a perfect suppression result, the active suppression method is proposed to prevent wind
shear power ripple from entering the grid, and the procedures are as follows. First, an adaptive notch
is used to extract the current ripple component of generator-side convert to calculate the additional
voltage control signal. Second, the additional control signal injected into the grid-side converter
makes the DC-side capacitor fluctuate in a controlled condition, so that the power ripple from the
generator-side convert is absorbed by the capacitor, and no ripple enters the grid-side convert and the
grid connection point; that is, the ripple suppression is completed in the DC link.

3.1. Ripple Current Extraction by Adaptive Notch Filter

Based on the characteristic of the ripple current in i, from Equation (12), the frequency of ripple
current is 3 times the basis frequency of the rotor speed; so, to extract a current signal with a clear
frequency characteristic, a current extraction method based on an adaptive notch filter is proposed.

The adaptive notch filter is a notch filter with a changeable center frequency to accomplish the
task of filtering out signals with different frequencies. The transfer function of an adaptive notch filter
can be written as:

s2 + w?*(WT)
s2 4+ kw(WT)s + w?(WT)

G(s) = (20)

In Equation (20), o(WT) is the changeable center frequency of notch filter, which is 3 times that of
the rotation frequency of wind turbine; k is the filter coefficient which is related to the bandwidth and
gain of the filter. The bode diagram of the adaptive notch filter is shown as below:

As shown in Figure 6, the center frequency of the notch filter changes with rotor speed so it can
filter out the current ingredient of center frequency accurately.

Bode Diagram

— w=2.0rad/s
—— w=2.5rad/s

Magnitude (dB)

Phase (deg)

107! 10° 10! 107 10°
Frequency (rad/s)

Figure 6. Bode diagram of notch filter.

While the current from the generator-side to converter i, can be written as a combination in a
different frequency as:

1 2 r n
i(t) = i(t) + i(t) + ... +i(t)... + i(t) (21)
by adding the adaptive notch filter to the current signal from i;,, the output signal can be expressed as:

1
i

bo(t) = i(8) + (). + 1(t) 22)
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Equation (22) is the current signal after the notch filter; the ripple current component with a
certain frequency is filtered by the notch filter. By performing subtraction, the ripple current can be
obtained as:

ir(t) = l(t) _inO(t) (23)

When the wind speed changes, the rotor speed will change under the control of the generator-side
to fit the maximum power point, which will also cause the change in ripple frequency. In order to
ensure the accuracy of ripple current extraction under variable wind speed, the center frequency of
the adaptive notch filter can be obtained from the rotor speed sensor of PMSG. The ripple current
component obtained by the ripple extraction method based on the adaptive notch filter will be used to
generate a voltage control signal so that the capacitor can absorb the ripple power from generator-side.

3.2. Fluctuation Power Supression Method

In order to stop the current interharmonics from flowing into the grid line, the ripple power must
be absorbed before it reaches the grid-side inverter. Meanwhile, it is clear in Figure 2 that there is only
one capacitor in the PMSWT system which can be used as power storage equipment. Therefore, if the
ripple power can be absorbed in the capacitor before it reaches the grid-side, the existence of power
quality issues such as flicker and current interharmonics can be erased.

Since the flow of ripple power in the PMSWT system has been analyzed, and the frequency
characteristic of ripple current, ripple voltage and ripple power is obtained, the equation of ripple
power from the generator-side and the power in the capacitor branch can be expressed as:

P gen = (;ro + -i;o)(ﬂdc + ﬁdc) = ;roadc + zroizdc + ﬁdc-i;o + Hdc-i;o (24)
d;[dc di[dc

Pe = ugee = Ug.C—2 4 T, C (25)

dt dt

Because of the low proportion of ripple, the double frequency ripple power in Equations (24) and (25)

can be ignored; thus, the description of capacitor voltage when the ripple power from the generator-side
equals the power absorbed in the capacitor can be obtained as:

s - 7~ _du
Inollge + Ugclro = UgcC dfc (26)
Equation (26) can be rewritten in a complex frequency domain as:
—~ 1 ~
Uge(s) = —iro(s) (27)
sC— 22

Uge

When the voltage of the capacitor fluctuates as described in Equation (27), the capacitor will absorb
all the ripple power in 3p frequency, which is caused by wind shear, to eliminate the interharmonics
of the grid line. According to the basic control strategy of the grid-side inverter shown in Figure 2,
the ripple power absorption in the capacitor can be achieved by adding a control signal to the voltage
loop of the grid-side control to make the capacitor voltage fluctuate artificially, and the voltage control
signal can be obtained from Equation (27).

The ripple power suppression method combined with the ripple current extraction method can
be expressed as:

In Figure 7, the current ripple extracted by an adaptive notch filter is used to generate the
voltage control signal, for which center frequency is obtained from the rotor speed sensor from PMSG.
The control signal calculation module generates the ripple voltage control signal as in Equation (27),
so the capacitor voltage will fluctuate artificially to absorb the ripple from generator, then suppress the
power fluctuation and eliminate the current interharmonics of grid line.
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Figure 7. Ripple power suppression method based on current extracting by adaptive notch filter.

4. Simulation Results

To verify the accuracy of the ripple extraction method and the effectiveness of ripple power
suppression method, a simulation of three blades PMSWT system with wind shear input was built
in Matlab/Simulink. The rated power of the PMWST system is 2 MW, the rated speed is 2.5 rad/s,
the number of pole pairs is 30, and the reference value of the DC link capacitor voltage is 1200 V.
In order to obtain a better view of the relation between all ripples inside the PMSWT system, a was 0.2;
the rotor speed under variable wind speed with step change is shown in the Figure 8:

As shown in Figure 8, the wind speed was 6 m/s from 0s to 5s, 10 m/s from 5s to 10 s, and 14
m/s from 10 s to 15 s; when the wind speed step was higher, the amplitude of maximum wind speed
difference on the surface of the wind wheel was larger; and the rotor speed and the amplitude of the
torque ripple increased. The statistics of torque and rotor speed are listed in Table 1:

Table 1. Statistics of rotor speed and torque under wind shear.

Time (s) Rotor Speed Steady Value (rad/s) Torque Ripple Frequency (Hz) Torque Ripple Percentage (%)

0-5 1.15 (0.18 Hz) 0.55 8.01
5-10 1.77 (0.28 Hz) 0.85 7.98
10-15 2.48 (0.39 Hz) 1.18 7.99

As shown in Table 1, when the ripple frequency increased because of the increase in wind speed,
the frequency of ripple was 3p, and the percentage of torque ripple stayed steady.

To simplify the analysis progress and obtain a better analysis result about current and voltage
ripple, the wind speed was set at 13 m/s, the rotor speed was 2.3 rad/s, and the ripple frequency was 3p
which equals 1.1 Hz; the waveform of the stator current of PMSG was obtained as:

As in Figure 9, the amplitude of the three-phase stator current changed periodically, and from FFT
spectrum analysis, there was an 8.23% ripple component at 1.1 Hz in the g-axis current.
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Table 2. Ripple composition of grid connection point under variable wind speed.

Rotor Speed Steady Ripple Frequency = Ripple Active Power  D-axis Ripple Current

Time (s) Value (rad/s) (Hz) Percentage (%) Percentage (%)
0-5 1.06 0.55 8.31 7.75
5-10 1.77 0.85 8.45 8.89
10-15 248 1.18 7.80 7.92

In Table 2, the ripple component and steady component of the generator-side and grid-side both
fit the power Equation (12) as:

bo _ o 8
iy Iq
;i — Zi (29)
Igd igd

The phase of the capacitor voltage is 12°, which is opposite to the voltage phase caused by i,
meaning instead of absorbing part of the ripple current from generator-side, the ripple current of the
capacitor branch is actually flowing into grid together with the ripple current in i,,.

The effect of the capacitor branch can be described using Equation (27). By bringing in the statistics
of ug. in Table 2, Equation (21) can be calculated as:

g () = 49.01cos(6.9t + 127) (30)
Meanwhile, the ripple current from the generator-side can be written as in Table 2:
iro(t) = 144 cos(6.9t— 66 ) (31)

When there is no capacitor branch and the ripple current from the generator-side totally flows
into the grid-side, the ripple power of the d-axis current of the grid-side can be calculated as:

g (t) = 229.86cos(6.9t - 66) (32)
The sum of Equations (30) and (32) is:
() = 245 cos(6.9t - 55') (33)

The d-axis ripple current of the grid-side in Equation (33) fits the statistic in Table 3, which means
that the ripple current of capacitor branch is added to the ripple current from the generator-side,
causing the d-axis ripple current of the grid side.

Table 3. Ripple component of DC-link.

Current Component iz(A) i,0(A) ug.(V) ic(A) 1;;(A) igq(A)
Steady Component 2576 1652 1200 0.09 1652 2801
Ripple Amplitude 2121 144.0 1.69 11.47 155.3 247.9
Frequency (Hz) 1.1 1.1 1.1 1.1 1.1 1.1
Phase (°) -73.4 —66.0 12 102 —-66.9 —66.5

The waveform of current in the grid-side is shown in the Figure 10:



Energies 2020, 13, 5088 12 of 14

5000 ' v . ' . .

~ 2500

0

Igabc(A

-2500

-5000 & :

4000
3:/ 3000
o 2000
o

1000

U - 4 4 4 4 4 4 -

1 | 1 1 | 1

3
t(s)
Figure 10. The waveform of grid line current.

The component percentage at 1.1 Hz of grid line current was 8.82%:

In order to verify the effectiveness of the control method proposed in this paper, a set of comparative
simulations was made. When the wind speed step changes as in Figure 8, the waveform of current and
power in the grid line are shown as:

As shown in Figure 11, when wind speed increased, the ripple frequency changed together with
the rotor speed in Table 1, and there were ripples in both the power and grid line current, the details of
which are shown in the Table below:

x10°

Power(W)

4000

2000

0

Igabc(A)

-2000

-4000

0

w0
U

3000

Igd(A)

2000 -

1000 [

t(s)

Figure 11. Waveform of grid connection point power and current.

As shown is Table 3, there is ripple power in the grid-line, which is the cause of current
interharmonics in Figure 11. To erase the existence of ripple in the grid line, the proposed ripple
power absorb method was applied. When ripple frequency changed with wind speed, the adaptive
notch filter extracted the ripple current signal from i,, to generate the voltage control signal which was
added to the grid-side control loop. The waveform of the grid line power and current is shown as the
figure below:

As shown in Figure 12, the ripple power and current interharmonics have been erased from the
grid line which means the ripple absorb method proposed in this paper has worked.
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Figure 12. The waveform of grid connection point power and current after suppression.
The statistics of ripple in grid connection point are shown in Table 4:

Table 4. Ripple component of grid connection point ripple after suppression.

Time (s) Ripple Active Power Percentage (%) D-axis Ripple Current Percentage (%)
0-5 1.14 1.14
5-10 0.19 0.17
10-15 0.15 0.13

According to the ripple variation between Tables 3 and 4, after being suppressed, the ripple
reduction percentage is as Table 5.

Table 5. Ripple reduction percentage of grid connection point after suppression.

Time (s) Wind Speed Vj (m/s) Ripple Active Power Reduction (%)  D-axis Ripple Current Reduction (%)
0-5 5 86.3% 85.3%
5-10 9 97.8% 98.1%
10-15 13 98.1% 98.4%

Based on Figure 12 and Table 5, the ripple was decreased mostly by the proposed suppression
method, and the power ripple reduction percentage was up to 85% under MPPT, which was verified
by the simulation at 3 different wind speeds.

5. Conclusions

In this paper, a PMSWT system was selected as the wind shear research object; the ripple’s transfer
mechanism analysis and suppression method verification were completed. The fluctuations or ripples
were caused by wind shear transfer from the generator-side, via PWM converts, to the grid; moreover,
their frequency is triple rotor speed. According to the frequency characteristic of ripple, an adaptive
notch filter was used to extract the current ripple in the generator-side convertor to calculate the
additional voltage control signal. Then, the active suppression method was proposed to make the
convert DC link’s original capacitor fluctuate initiatively to absorb the ripple power from the generator,
so no ripple entered the grid-side convert and the grid connection point, which ensured the power
quality flowing to the grid under wind shear. The simulation shows that the DC-link ripple suppression
method combined with the notch filter is highly effective, and the ripple reduction percentage is up to
85%.The proposed suppression method will be modified further to improve the suppression effect at
low wind speed.
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