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Analysis and Suppression on Tower Vibration of
Permanent Magnet Synchronous Generator-based
Wind Energy Conversion System

Feihang Zhou, Ji Pang, Bo Wang, and Jianxiang Yang

Abstract—This study explores tower vibrations in
large-scale permanent magnet synchronous generator
(PMSG)-based wind energy conversion system (WECS).
First, the aerodynamic characteristics of wind turbines,
including wind shear (WS), tower shadow effect (TSE),
and blade airfoil structure, are examined. Then, a mech-
anism model of tower vibration is established, and the
impacts of WS and TSE on tower vibration are analyzed.
Suppression schemes, including crossing resonance zone
method and tower damping control, are evaluated, and a
robust variable-pitch strategy based on sliding mode
control is proposed to mitigate tower vibration. Compar-
ative analysis suggests that the proposed strategy out-
performs the crossing resonance zone method and the
tower damping control in achieving more effective tower
vibration suppression and reducing the influence of the 3p
frequency component. The effectiveness of the model and
algorithm is verified through simulation experiments.

Index Terms—Tower vibration, PMSG-based WECS,
WS, TSE, crossing resonance zone method, tower damp-
ing control, variable-pitch based on sliding mode control.

NOMENCLATURE

A. Abbreviations

PMSG permanent magnet synchronous generator
WECS  wind energy conversion system
WS wind shear
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TSE tower shadow effect

TSR tip-speed ratio

DMSD double mass spring damping
MPPT  maximum power point tracking
MSC machine-side converter

PSD power spectral density

B. Variables

v/ Vs wind speed/wind speed at the hub

Vinear ! Viower Wind speed changes caused by WS/TSE
0. azimuth angle where i =1,2,3

r radial distance from rotor axis
H hub height
d tower radius

. distance from the blade origin to the tower

midline

U wind shear exponent

R/n,, wind wheel radius/hub radius

o/p inflow angle/attack angle/pitch angle

alb axial induction factor/tangential induction
factor

Al ﬂopt TSR/optimal value of TSR

@, | @, wind turbine speed/generator speed

w synthetic wind speed

F, I F aerodynamic drag/lift on blade element

C,/C, drag/lift coefficients

R, /M,  Reynolds number/Mach number

C. /C, normal force/tangential force coefficients

B/L blades number/airfoil chord length
wind energy utilization coefficient/the

G, /' Gy e maximum value of wind energy utilization
coefficient
F /F aerodynamic normal force/tangential
ADIT T AL force on the i-th blade
Jur ! Jyen  inertia moments of wind turbine/generator
T, /T,  wind turbine torque/generator torque
D./K. /8 damping coefficient/stiffness coefficient

* /twist angle of flexible drive-train
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mass coefficients of tower-top mass block

M, M
"2 Jtower-bottom mass block
D. /K damping coefficient/stiffness coefficient
T T
of tower
/ fore-aft displacements of tower-top mass
Yl Vxz o plock/tower-bottom mass block
s displacement differences in fore-aft di-
roer rection/side-to-side direction
fore-aft reaction forces from the tower
F,/F, base in fore-aft direction/side-to-side di-
rection
/ side-to-side displacements of tower-top
Pl ass block/tower-bottom mass block
iy /i, d/q-axis stator currents
uy lu,, d/g-axis stator voltages
L,/L,  d/g-axis stator inductances
R stator resistance
n, pole logarithms
W permanent magnet flux linkage
Iy |l d/q-axis grid-side currents
u, /u,  d/g-axis grid-side voltages
@, electric angular frequency of grid
L, /L,  d/g-axis grid-side inductances
R, grid-side resistance
E JE d/g-axis voltage components of point of
¢ "8 common coupling
1 reference torque
Ty damping compensation torque
9 initial azimuth angle
p air density
@, angular frequency at the crossing point
bound of uncertainty
n approaching rate of sliding mode surface
a, positive regulatory factor

I. INTRODUCTION

As a type of clean energy, wind energy has increas-
ingly become more valued, given the aggravation
of the environmental problems and the shortages of
resources [1]-[3]. In recent years, the capacity and size
of wind energy conversion systems (WECS) have
grown significantly to capture more wind energy
[4]-[7]. However, as the WECS capacity increases, the
tower, as an important component of the unit, becomes
more susceptible to high-intensity vibrations [8]—[10].
This can cause shutdown protection when the vibration
amplitude exceeds the threshold and seriously affect the
generation efficiency of wind turbines. Tower vibra-
tions can also induce fatigue, potentially resulting in

catastrophic tower collapses. As shown in Fig. 1, mul-
tiple collapse accidents of wind turbines have occurred
in recent years.

(c) (d)

Fig. 1. Multiple wind turbine accidents in recent years. (a) Collapse
accident in Oklahoma, the United States, in May 2019. (b) Collapse
accident in Xinjiang in July 2017. (c) Collapse accident in Gansu in
April 2019. (d) Collapse accident in Ningxia in December 2017.

Given the tower’s large slenderness ratio, its flexi-
bility should be accounted for. In addition, the tower’s
inherent damping is typically small, while continuous
reductions in tower weight cause its natural frequency
to further decrease. As a result, resonance may occur
during wind turbine operations.

Changes in aerodynamic normal force and tangential
force on the blade wheel are generally considered the
primary contributors to tower vibrations, including
fore-and-aft and side-to-side tower vibrations. However,
the parameters that affects the tower vibrations are
complex [11]-[13], which include wind shear (WS),
tower shadow effect (TSE), and various uncontrollable
elements like weather conditions, grid voltage dips, and
grid voltage imbalance. Unlike these highly unpredict-
able factors, WS and TSE have a certain regularity, and
their influence becomes increasingly pronounced with
the large-scale development of wind turbines. Tower
vibrations caused by WS and TSE can aggravate tower
fatigue, increasing the risk of collapse.

Given the potential aggravation to tower fatigue and
adverse impact on both the tower’s service life and the
normal operation of wind turbines, tower vibrations
should be systematically analyzed and studied. Nu-
merous studies have been conducted on the monitoring,
analysis, and control of tower vibration. For example,
reference [14] presents a method that actively controls
the side-to-side tower vibration using generator torque,
while simultaneously reducing fluctuations in the output
power. Reference [15] studies wind turbine tower vi-
bration control under random wind load, simulating the
tower as a non-uniform Euler-Bernoulli beam system
with parameter distribution based on the Hamiltonian
principle and proposing a boundary control method
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based on disturbance observer to suppress the tower
vibration. In [16], the tower is regarded as a switching
system composed of multiple sub-modules, and system
stability is analyzed based on the switching principle
and characteristic analysis method. Reference [17]
proposes a modal parameter identification method for
tower vibration to observe the global dynamic charac-
teristics of tower vibration in emergency braking, while
reference [18] proposes an operation mode analysis
technology based on error measurement and covari-
ance-driven approximation to identify the tower vibra-
tion mode and effectively estimate vibration damping.
Reference [19] proposes the use of a tuned mass damper
fluid-inverter for vibration control of spar-type offshore
wind turbine towers, and reference [20] explores the
impact of passive oscillations on power and wake for
various yawing scenarios and proposes a yaw correction
to improve turbine power output. Experimental results
show that power output may increase with small am-
plitude oscillations. Reference [21] optimizes the shape
memory alloy-based tuned mass dampers to control the
seismic responses of wind turbine towers, while refer-
ence [22] proposes a control scheme balancing power
generation and tower vibration reduction, which can
achieve a notable reduction in tower vibrations with
minimal impact on generated power. More researches
on tower vibration suppression have been undertaken,
such as [23]-[26].

While these studies have theoretical significance and
practical application value, few studies have thoroughly
investigated the underlying mechanism of tower vibra-
tion. To better understand the mechanism of tower vi-
bration, it is necessary to comprehensively consider its
mechanism model, complex working conditions, and
current control strategies, rather than engaging in blind
research. Furthermore, while WS and TSE are direct
causes of tower vibration, there is no literature explor-
ing the influence of WS and TSE on tower vibration and
the ensuing vibration mechanism. Therefore, the pri-
mary motivation of this paper is to investigate the
mechanism of tower vibration, analyze the impact of
WS and TSE on tower vibration, and devise effective
measures for vibration suppression.

This paper begins by examining the mechanism
modeling of tower vibration in permanent magnet
synchronous generator (PMSG)-based WECS, followed
by an in-depth analysis of the influence laws of WS and
TSE on tower vibration. Various schemes are then
proposed to effectively suppress tower vibration. The
main contributions of this paper are as follows:

1) The tower vibration mechanism is comprehen-
sively analyzed, which includes the establishment of the
tower vibration mechanism model, exploration of the

causes of tower vibration, and identification of the key
factors impacting tower vibration.

2) The influence laws of WS and TSE on tower vi-
bration are revealed. The study finds that the 3p fre-
quency component formed by WS and TSE induces
tower resonance, particularly when the WECS is oper-
ating at specific speeds.

3) Various suppression schemes for tower vibration
are analyzed. A robust variable-pitch strategy based on
sliding mode control is then proposed to effectively
manage tower vibration. Compared with the crossing
resonance zone method and the tower damping control,
the proposed strategy can more effectively suppress
tower vibration and mitigate the influence of the 3p
frequency component.

The rest of this paper is organized as follows. Section
IT discusses the aerodynamic characteristics of wind
turbines including the WS and TSE, and the blade air-
foils. Section III explores the PMSG-based WECS
model consisting of the wind turbine model, the tower
model, the flexible drive-train model, and the electrical
system model. In Section IV, torque control of the
PMSG-based WECS is described and tower vibration is
thoroughly examined. Section V investigates various
suppression methods of tower vibration including the
crossing resonance zone method, the tower damping
control, and the proposed robust variable-pitch strategy.
Simulation results are discussed in Section VI, analyz-
ing the performance and validity of these suppression
methods. Finally, Section VII concludes the study.

II. WIND TURBINE AERO-DYNAMIC CHARACTERISTICS

The aerodynamic characteristics of large-scale WECS
are not simply dependent on the blade airfoil structure but
are also susceptible to the influence of WS and TSE.
Therefore, all of the blade airfoil, WS, and TSE should be
considered when analyzing wind turbine’s aerodynamic
characteristics.

A. WS and TSE

In general, variations in the wind vector along the
vertical direction form the vertical WS. When the blades
pass the tower, airflow in front of the tower may be
redirected, affecting the wind turbine [27], [28]. TSE is
formed where the tower interferes with the airflow
passing through the blades. WS and TSE can cause
uneven airflow distribution, pulsation of mechanical
torque of wind turbines, and reduction of power gener-
ation performance. The 3p frequency component caused
by WS and TSE can continuously excite WECS at a
relatively stable frequency [29], [30].

With the further increase in the diameter of
large-scale wind turbines, the phenomena of WS and
TSE have intensified. Considering WS and TSE, the
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influence of shear wind and tower shadow wind on
blade elements [32]—[34] can be described as:

r pu(rY .
M| — |cosO +——= T cos” 6+

2
vshcar (V’ 0/ ) zvhub

~D(u-2)( r Y
p(u 6)(# )(%) cos'
(D
26in2 0 — 2
Vtower (l’, 91) ~ vhubn/ld2 lez (2)
(r2 sin’ 6, +x2)
where the azimuth angle 6,(i=1,2,3) meets 6,,,=6,+120°

and m meets m=1+u(u-1)R* /(8H") in [30]. The wind
speed of the blade element can be written as:
V’- = vhub + vshear (V, ez) + vtower (}", ez) (3)

B. Aero-dynamic Characteristics of Blade Airfoil

Figure 2(a) shows the vector graph of the blade ele-
ment. The inflow angle 7/ and attack angle a are as fol-
lows:

7 - tan”! [M} - tan”! { (1-a) } (4a)
(1+b)Ray,, (1+b)A
L (4b)
T

where the TSR meets A = Rw,_ /v.

tur

In this paper, the airfoil curve of DU91-W2-250
shown in Fig. 2(b) is imported into the XFOIL software
to calculate the lift coefficient C, (a) and drag coeffi-

cient C,(a), which are the functions of the attack angle
o (Reynolds number R, =2x10° and Mach num-

ber M, =0.2). The final results are illustrated in Fig.

2(c). As shown in Fig. 2(d), the resulting data can be
estimated by using a linear fit scheme.
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Fig. 2. Blade airfoil structure and the calculation lift and drag
coefficients. (a) Blade element vector graph. (b) Airfoil curve.
(c) Calculation results of the lift coefficient and drag coefficient
in the XFOIL software. (d) The variation diagram of lift coeffi-
cient and drag coefficient with the attack angle.

Using linear fitting calculation, the equation is ex-
pressed as:

k,a+C,,, a<7.5°

C (a)=1k,a+C,,, 15°<a<12° (5a)
kya+C,, a>12°
<190

C,(a) = kpa+Cy,, a<12 (5b)

kya+Cy,, a>12°
where k;,=0.1267; C,,=0.45; k,,=0.0356; C,,=1.1328;
ki ,=0; C,,=1.56; ky,,=0; C,,=0; k,=0.0169; C,,=—0.2028.
The normal force coefficient C, and tangential force
coefficient C; are defined as:
C =C, (a)cosl+Cy(a)sin/ (6a)
C, =C, (a)sinl —Cy(a)cos! (6b)
According to the blade element momentum theory,
the induction factors a and b are given by:

a=—5_ (7a)
1+g1

p=—5 (7b)
l_gz

where g,=0C,/(4sin’I) and g,=cC,/(4sinlcos]),
with o = BL/(2nr). In general, the induction factors a

and b need the iterative solution, and the process is
shown in Fig. 3(a). The wind energy utilization coeffi-
cient C, can be given by:
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C, =4a(l-a)’ (3
When a=1/3, C, can reach its maximum value of
16/27 (Betz limit). Furthermore, the C,-A curve is

shown in Fig. 3(b). The maximum wind energy utiliza-
tion coefficient C, ,, is the Betz limit value since the

aerodynamic losses are not considered in this paper.
When S =0, the optimal TSR 4 is equal to 8.
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Fig. 4. PMSG-based WECS model.

A. Wind Turbine Model

Based on the analyses of Section II, the aerodynamic
normal force F,, and tangential force F,;, on the ith
blade can be written as:

F, = f 0.5 W (r)L(r)C, (r)dr (92)
F, = er 0.5W (") L()C,(r)dr (9b)
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Fig. 3. Calculations of induction factors and wind turbine power
coefficient. (a) Induction factors calculation flow chart. (b) Re-
lationship curve between the wind energy utilization coefficient
and the tip speed ratio.

III. MATHEMATICAL MODEL OF PMSG-BASED WECS

As presented in Fig. 4, the PMSG-based WECS
model consists of the wind turbine model, the tower
model, the flexible drive-train model, and the electrical
system model.

i current [ | |

PMSG model

Flexible drive-train model

where the parameters W(r), L(r), C,(r), and C,(r) are
the functions of . According to the integral mean value
theorem, # and 7, can be found by rewriting (9) as:

Fo, =05W@H)L(1K)C, (n)(R—-1,,) (10a)
Fy, =05W(R)L0,)C,(5)(R-r)  (10b)
where 1, =r, =7, is assumed to further simplify the cal-

culation of modeling, and the airfoil curve in 7, is shown
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— and

in Fig. 2(b); FADi and F,;, will meet F,p, =kC, |,

ALI

with k=0.5WL(R—r, )"

/3/3"

B. Flexible Drive-train Model

Given the substantial load carried by the drive-train
of a large-scale wind turbine, its flexibility cannot be
ignored. Therefore, the double mass spring damping
(DMSD) model is generally used to describe the flexi-
ble drive-train dynamics [35], given by:

Jtur a)rur =-D, ( 2 a)gen ) K 0 +71 tur (1 la)
JgnOpen =D (@, —0,,,)) + KO, - T, (11b)
0, =, - Oy (11c)

where the flexible drive-train parameters are provided
in [35]; and the mechanical torque of the wind turbine is
expressed as:

T - (FAL] + FAL2 + FAL3 )

tur

(12)

C. Tower Model

Due to its large slenderness ratio, low natural fre-
quency, and minimal damping, the flexibility of the
tower is also significant and should not be overlooked.
As shown in Fig. 5(a), the tower-top motions have two
directions: the fore-aft motion along the X-axis, and the
side-to-side motion along the Y-axis. In general, the
tower can be represented using the DMSD model,
shown in Fig. 5(b).

By the force analysis of mass blocks, the fore-and-aft
motion of the tower can be expressed as:

M 3+ Di8y + Ko = Fupy + Fypy + Fupy (130)
M,yy, =D&y —Ki Gy =—Fy (13b)
Cx =Vx1—Vx2 (13¢)

where the mass coefficient of the tower-top mass block
M, includes the wind turbine nacelle, hub, and blades;
and the mass coefficient of the tower-bottom mass
block M, consists of the tower base and the earth.

.........

T ,‘ ,"
’/ N S
' Fore-aft /
ST
(|
/
;

¥ motion
Side-to-side §' T
motion i A

L =
(a) (b)

Fig. 5. Tower-top motions and DMSD model. (a) Schematic dia-
gram of tower-top motions. (b) Schematic diagram of DMSD model.

Based on the side-to-side force analysis of the wind
wheel shown in Fig. 6, the side-to-side motion of the
tower is expressed as:

. B
My, + D&, + K. Gy = ZCOSQFALI'

T (4a)

cos@ (F, ,—0.5F,,—05F,,)
M,y _DTé:Y -K.{y =-F, (14b)
Sy =Yn = Vr (14¢)

In general, due to M, > M,, y,, and y,, are very
small(y,, =0 and y,, = 0). Thus, by ignoring y,,and
Yy, » €quations (13) and (14) can be simpliﬁed as:

M§X+D;X+K§X Fopi + Fypy + Fypy (152)
Mg“y +D g“y +K.§, = ZCOSH AL

it (15b)
C056’1 (FALI - O'SFALZ B O'SFAL3)

(15b), if F,;,—0.5F,,—0.5F, ,#0, the
side-to-side vibration of the tower will be activated.

From

Fig. 6. The side-to-side force analysis of wind wheel.

D. Electrical System Model

The electrical system is generally made up of a
PMSG, a back-to-back full power converter, and a
power grid. The PMSG model and grid-side power
converter dynamics are expressed as [36]:

di
'sd (;S: = _Rsisd +qunpa)gen sq + l/l
di (16a)
8
sq d: = _R L npa)gen sd npa)genl// + usq
gen 1 5” [(Lsd _qu )isdlsq + l//isq] (16b)
diy,
Ly ? =Ry + L0, + Ey
di, (16¢)
l
L,— m =—-R,i,, —L,0,i,+E, —u,

Figure 7 depicts the control blocks of the full power
converter in the electrical system. Reference [37] points
out that the PMSG dynamic can be considered as a
first-order inertia link after the first-order tuning for the
PI parameters of the inner loop current control. Since
this paper focuses mainly on the tower vibration, the
electrical system is appropriately simplified.
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Fig. 7. Full power converter control block.

IV. TORQUE CONTROL DESCRIPTION AND TOWER
VIBRATION ANALYSES

A. Torque Control Description

The Campbell chart shown in Fig. 8 is drawn to an-
alyze the resonance speed of the tower. The 3p fre-
quency component can excite the tower resonance un-
der the maximum power point tracking (MPPT) opera-
tion region. This study is mainly concerned with the
MPPT control below the rated wind speed. Because the
PMSG model and MSC dynamics can be regarded as a
first-order inertia link, if the PI parameters are large
enough, the dynamic delay of the torque loop can be
ignored. Hence, the reference torque 7 is approxi-

mately equal to the actual torque 7, . The reference

torque under MPPT and the optimal torque coefficient
K, [38]-[40] are expressed as:

7—;Cf ~ Tgcn = Kopta)gzcn + TDamp (173)
K, = piRC,y o [(240) (17b)

is to control the

amp
flexible drive-train torsional vibration, as Fig. 9 illus-
trates the flexible drive-train damping control.

The purpose of introducing 7,

>

Tower natural frequency (Hz)

Rotor speed (p.u.)

Fig. 8. Campbell chart.
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Fig. 9. Flexible drive-train damping control.

J,

gen

Furthermore, due to J, > the wind turbine

speed @,, is very close to the rigid mode. Thus, the

drive-train with added damping can be described using

the rigid model, as:
Ju +

tur

T

Jgen )a.)tur = Ttur - gen (18)

B. Tower Vibration Analyses

From (15) and (A1)—(A10) in the Appendix A, the
tower vibration models can be expressed as:

i 2 ~ B B
My +DiCy +K G =Y B+Be,d,, +¢; Y ¥, (19a)
i=1

i=l

M, C,+D.Cy+K Ly =cos(m,, 1 +9) ZL((,SJ—(());S\IZ’Z—OOSZJE)—F}
(19b)

where ¢, c,,c;,d,, and d, are shown in Appendix A;

t; and

the small signal is represented by the superscript ‘~’. If

the collecting variable-pitch mode is adopted (8, = ,),

the initial azimuth angle ¢ meets 6, =%+ ®

tur

equation (19) can be rewritten as:

= B - - B
MGy + DGy + KiGy = Bo,f, + Be, @y, +¢, ) ¥, (20a)
i=1

M, +D,C,+K,C, =d, cos(, 1+9)(F,~0.57,~0.5%,)

(20b)

ur
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,

tur 2

From (20a), we know that the changes in

and v, will cause the fore-aft vibration. Equation (20b)
indicates the unbalanced wind speed distribution di-
rectly induces the side-to-side vibration. When unstable
torsional vibration occurs in a flexible drive train, the
wind turbine speed @, will produce divergent oscilla-

tion and the tower vibration will be excited.

C. Influence of WS and TSE on Tower Vibration

It is generally known that the 3p frequency compo-
nent caused by WS and TSE is the main inducement of
wind turbine vibration. Hence, the influence of WS and
TSE on tower vibration should be explored. From (12),
(17), and (18), the following equation can be obtained:

Bd, | .
- 2 :|a)tur =
v

0

opt ~tur

{(er +J g )s + 2K, @

_ B (21)
l[Bdlﬁc +d32ﬁ,.j
ro i=1

From (21), equation (20a) can be further simplified as:
Mlé:X + DTé:X +KT§X = [Bcl + GFI(S)]ﬁC +

[03 + G, (s)]iﬁi

where G, (s) and G, (s), shownin (All)and (A12)in

Appendix A, can be considered as low pass filters.
Hence, equation (22) can be simplified as:

= 2 - - B
My +Digy + K &y = Be,f, +C}Zvi (23)
-1

(22)

B
This means that (¥, — 0.5V, —0.5V,)cos 6, and Zf}i
i=1
are the causes of tower vibration. Generally, the fre-
quencies of turbulent wind are random and time-varying,
while the frequencies of shear wind and tower shadow
wind contain multiple components corresponding to
wind wheel rotation frequency. In addition, the natural
damping of the tower is typically very low. With the
WECS operating at a certain speed, if the frequencies of
shear wind and tower shadow wind coincide with the
natural frequency of the tower, resonance in the tower
may occur. Therefore, WS and TSE directly contribute
to tower vibration. In general, the wind speed on the ith
blade can be written as:
Vi(0) = Vi + Varear (6) + Viger (6,) 24)

According to [34],v, . (6)andv, .. (6) can be ob-

tower

tained:
2 R 2 3 -1
Vapear (0, :sz¢b2 I ucosﬁi +L'u2)cos2 0 +
~ Thub Fob H

4 — f—
r :u(lu 1)3(/” 2) COS3 01 dr
6H
(252)

2 1.2 2
, r'sin” 6 —x

2v, g
v o (0)=—"%_ | md dr (25b
tower( 1) RZ 2 J. (1”2 Sin2 9’ + x2)2 ( )

—r
hub 4,

Because of 8, = 6. +120°, the azimuth 8, must meet:

i+l
3
Z cosd =0
[
3
D cos’ 0 = 3
i 2
3 3
Z:cos3 6 =—cos36,
4

i=1

cos@ —0.5cos8, —0.5cos 8, =2cos b,

(26)

cos’ 6, —0.5cos” @, —0.5cos’ 6, = Ecos 26,
4

cos’ 6, —0.5cos’ @, —0.5cos’ 0, = %cos 6

B
From (25) and (26), Vien =2 Vpe(6) and
i=1

S

‘hear (6;)]cos 6, can be

expressed as (Al3) and (A14) in Appendix A. Fur-
thermore, equation (25b) can also be simplified as:

b (@) d’ In R*sin’ 6, +1\ 2d°R’
e R | sin’ 6, x’ ) R’ sin® 6, +x°
27

B
Where Vtowerl :z vmwer (Hz )’ Vtowcrz =vmwer ( 91 )_0'5vtowcr (02 )’
i=1

(6,)-0.5v

shear

VshearZ =[vshear (01 )_O.5V

whilev, .. (6,) cos 6, can be given by (27).

From (27), (A13), (A14) and the system parameters
in Table I, the wind speed variation caused by WS and
TSE is shown in Fig.10. As presented in Fig. 10(a),
V. 14 and their synthetic wind speed contain the

shearl > * towerl >

(6,)-0.5v,

tower

3p frequency component. The phase difference between
Viearr @and V, . is @/3. Figure 10(b) indicates that the

shearl t

frequency of V., is still the 3p frequency.

TABLE 1
SYSTEM PARAMETERS
Symbol Quantity Values
u Wind shear exponent 0.3
H (m) Tower height 60
d (m) Tower radius 2
By (M) Hub radius 2
x (m) D1stzmcteht;rct)(r)r\l)V tehrerﬁilztlii; ;)rlgln to 29
Mk bk SO
D, (N-s-m™) Tower damping coefficient 9.425x10°
K, (N/m) Tower stiffness coefficient 4.441x10°
R (m) Blade length 28
P, (MW) Capacity of wind turbine 2
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Fig. 10. Wind speed variation because of WS and TSE. (a) Wind
speed variation in fore-and-aft direction. (b) Wind speed varia-
tion in side-to-side direction.

From (A14) and Fig. 10(b), although the frequencies
of V., consist of the 1p, 2p, 3p, and 4p frequencies,

shear2
the 2p frequency is the main form. However, Fig. 8
shows that the 2p frequency component cannot cause
tower resonance within the range of rotor speed.
Therefore, for both the fore-and-aft tower vibration and
the side-to-side tower vibration, it is only necessary to
consider the effect of the 3p frequency component.

V. Tower Vibration Suppression

A. Crossing Resonance Zone Method

From the above analyses, the 3p frequency compo-
nent may cause the tower resonant. It is generally de-
sirable for WECS to quickly cross these resonance
points during operation. Figure 11 shows the torque
characteristics of WECS. As presented in Fig. 11(a), a
unique equilibrium point 4, exists under the MPPT
operation region. The stability of equilibrium point 4,
can be evaluated using the small perturbation method.
For instance, if a disturbance results in an increase in
speed, the PMSG torque will exceed the wind turbine
torque. Consequently, when the disturbance is removed,
the WECS will slow down.

Conversely, if a disturbance causes the speed to de-
crease, the PMSG torque will be less than the wind
turbine torque. Thus, the removal of the disturbance
would cause the WECS to accelerate. The system will
then return to equilibrium 4, which is a stable oper-

ating point.

When the generator torque slope decreases, the
working point becomes unstable. Figure 11(b) illus-
trates that the system will lose stability in case 3. The
method of crossing the resonance zone is designed
based on this conclusion. As presented in Fig. 11(c), this
scheme only needs to modify the PMSG torque curve
during [w,, ,]. By modifying the optimal torque curve,
the system loses stability at working point 4,and thus
quickly passes through the resonance region.

A

B
z | Wind turbin torque  PMSG torque
0 ] a){radf's)b
(a)
— A
RN
- |Wind turbin torque
2
PMSG torque

o] ru(racl:’s)=
(b)

A Wind turbin torque 7

ur

T'(N-m)

R

) W, (’su @, Wy w\
(c)
Fig. 11. Torque characteristics curves. (a) Normal torque char-
acteristics under MPPT control. (b) Torque characteristics under
different crossing slopes. (c) Corrected torque characteristics.

»

w(rad/s)

The slope of wind turbine torque at operating point
4, is given by:

k _aTtur _ ansa)tur (aCP CPj _
Yooyl . 222 \aa 2)),_, .
p nRSCPimaxa)O
20

(28)
The straight line QR slope ky, must meet
ko <k, <0. In this paper, we set @, =2.6rad/s,

while suggest @, =(w, + @y)/2, ko =40k, and
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kg = ks =k, ==100k,. At this time, the generator
torque 7., meets:

T, o<, or 0=
kL(a)_a)P)J'-Kopt
T.~T =

ref = L gen

0, 0, <0 <a,

kg (00—, )+K0pta) o, <0<y (29)

k (0-w)+K 0, oy <o <oy

B. Tower Damping Control

From (23), the collecting pitch control strategy has a
direct impact on the fore-aft vibration of the tower.
Therefore, the tower damping control can be used in the
pitch control loop to suppress the fore-aft vibration of
the tower by improving the tower damping. First,
equation (23) is rewritten as:

§X+C§X+D5X:7_Bc+f (30)
- : DT KT

where C, D, y~ and fare given as C=—-, D=—-,
M M

1 1

_ Bq ¢ <& . .
y = " <0, f= —Zvl.,whﬂe f can be considered
1 1 i=1

as an external wind disturbance; and by letting

ﬁc = CBQL’ +» equation (30) can be further rewritten as:

5X+(C_77CB)§X+D5X:f (31)
Damping can be improved by adjusting the parameter

C;- However, this approach has two main disadvantages.

First, it is difficult to calculate the parameter y~ which

varies with the operating point and wind speed. Second,
this method lacks the necessary robustness against
system uncertainties. Therefore, the damper design aims
to obtain parameters through extensive tests based on
damping performance.

C. Robust Variable-pitch Strategy

In order to overcome the disadvantages of tower
damping control, a robust strategy of variable-pitch
based on sliding mode control is proposed in this paper
to suppress the fore-and-aft tower vibration. By as-
suming x = §~X, y"=—y and u= —,5’0, equation (30)
can be rewritten as:

X+Cx+Dx=y"u+f (32)

where 7° and f meets 0<y, <y <y, and

|f/|<F; 7, and y,,, are the minimum and maximum
values of y*, respectively; while F is the maximum of
| /]- If the sliding surface S is defined as (33), then the

control rate u is expressed as (34).

S=x+7x, 7>0 33)

—[(C—7)x+ Dx—(F +n)sgn(S)], 7>0(34)

where sgn(+) is the symbolic function. If the Lyapunov
function is selected as (35), the derivative of Vis as (36).

V= %SZ =0 (35)
V—SS—
7/ “u+t f~(C-1)x— Dx]
i

J ]x{fm Josr|
(S)

(g Lot 2o
7mm }/ll’llll }/min

K 1 - T)x+Dx|——77}><|S|+[ . F|S|J
Yoin Vi

min

[+ f—(C-r)i— Dx}—

min

K —1 }(C—7)x+Dx|- 77:|><|S|+{ fS__ FlSlj
(36)
Because of fS<|fS|<F|S|< /4

min

}/+
rameter 7 meets 7 = [%—

min

lj x |(C —T)X+ Dx|, the

derivative of ¥ meets ¥ <0 and the system meets
Lyapunov stability. By assuming (37), the derivative of

V meets (38).
V=—"28 <—xl|S|

ymin
2 dt

The system trajectory at this time strictly meets the
sliding mode condition. Finally, the relay function

S
relay(S) = W ,
0

bolic function to reduce the chattering of the controller.

1]><|(C—T)5€+Dx|+/{, k>0 (37)

1d (38)

a,~> 0 is used to replace the sym-

VI. ANALYSES AND VALIDATION OF ALGORITHM

Based on the structural model shown in Fig. 3, a
simulation test is performed in Matlab/Simulink envi-
ronment to assess the influence of the 3p frequency
component on tower vibration, the method of crossing
resonance zone, and the pitch control to suppress the
fore-aft tower vibration. Table I shows the system pa-
rameters.
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A. Influence of 3p Frequency Component on Tower
Vibration

According to the tower parameters in Table I, the
natural angular frequency of the tower is

@, =K, /M, ~9.42 rad/s, which means that when the

wind turbine speed is close to ®,/3, the 3p component
will excite the tower resonance. The wind speed in the
hub center is shown in Fig. 12(a), while the simulation
results are presented in Figs. 12 (b)—(d).
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Fig. 12. Influence of WS and TSE on tower vibration. (a) Wind
speed curve at the hub. (b) Wind turbine rotation speed curve. (c)
Fore-and-aft vibration displacement curve. (d) Side-to-side vi-
bration displacement curve.

The steady-state value of tower vibration amplitude
tends towards zero when the influences of WS and TSE
are not considered. However, when the effects of WS
and TSE are accounted for, the 3p frequency component
consistently stimulates tower vibration. When the wind
speed in the hub center is close to 9.6 m/s, the tower
vibration amplitude is the largest in the steady state,
indicating that the 3p frequency component is exciting
the tower.

B. Crossing Resonance Zone Method Test

Under the wind conditions shown in Fig. 13(a) and
Fig. 14(a), the simulation comparison charts before and
after implementing the crossing resonance zone scheme
are shown in Figs. 13 (b)—(d) and Figs. 14 (b)—(d).

As depicted in Figs. 13 (b)—(d), without the crossing
resonance zone algorithm, the tower resonates when the
wind speed is maintained at 9.6 m/s. The crossing res-
onance zone method ensures that the WECS quickly
crosses the resonance zone at this step wind speed,
effectively averting tower resonance. In Fig. 14(b),
resonance point A4 is not on the system trajectories when
the crossing resonance zone method is adopted. How-
ever, as shown in Figs. 14 (¢)—(d), the crossing reso-
nance method has negligible effect on the tower vibra-
tion under natural wind conditions.

11.0

10.5¢

1001

Vi (M/5)

95r

9.0F

Wind speed at the hub

8.5 - - .
50 100 150 200 250 300

Time (s)
(a)
4.0 T T T

T T T
— Without crossing resonance zone strategy

350 400

g — With crossing resonance zone strategy

2@ 35f I —————

EE

g7 3

) —

2 'E —— [—

E % 2,5 [

=

2.0 " . . . . ;
50 100 150 200 250 300 350 400

Time (s)

(b)

— Without crossing resonance zone strategy
— With crossing resonance zone strategy

Fore-and-aft vibration
displacement of tower £, (m)
=)
=)
=

0.03}
0.02 \ - \ \ - \
50 100 150 200 250 300 350 400
Time (s)
(c)



76 PROTECTION AND CONTROL OF MODERN POWER SYSTEMS, VOL. 10, NO. 3, MAY 2025

%107 .

4 T T T T T
— Without crossing resonance zone strategy
3 — With crossing resonance zone straiegy

Side-to-sidee displacement
of vibration tower ¢, (m)

350 400

50 100 150 200 250 300
Time (s)
(d)

Fig. 13. System response under the step wind speed. (a) Wind
speed curve at the hub. (b) Wind turbine rotation speed curve.
(c) Fore-and-aft vibration displacement curve. (d) Side-to-side
vibration displacement curve.
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Fig. 14. System response under the natural wind. (a) Wind
speed curve at the hub. (b) Fore-and-aft vibration displacement
curve. (¢) The curve of PMSG torque varying with rotor speed.
(d) Side-to-side vibration displacement curve.

C. Pitch Control to Suppress the Tower Vibration Test

The block diagram of controlling the tower vibration
is shown in Fig. 15. To verify the effectiveness of the
proposed algorithm, a simulation environment is con-
structed using this basic structure. And the results
based on the established simulation model are shown
in Figs. 16—-18.

---------------------------------------------------------------------------- o
: Azimuth angle 6 { . )
: ged ' DC-link voltage U, GSC control

E Vanew (8) ) . shown in Fig. 7(b)
4 Wind speed of the hub v, ~ | Eq.(25) | Ve (8) ] 1 Wind speed v,

513 » + PMSG speed @, Torque control

:12 Azimuth angle 6, — shown in Fig.9

! v, (8)

:1 l. shear 2 +

. B (25) |7 (@) )] §

E 9 >+ shown in Fig. 4

Azimuth angle &,
Vinear (65)

Pl

A4

Wind speed model

@) 2 || Wind speed v,
+

i . , PMSG-based }
Wmds"eed“J » WECS model | |

System control

Fig. 15. Block diagram of pitch control to suppress the tower vibration.

Under the step wind condition shown in Fig. 16(a),
the wind turbine speed curve, fore-and-aft tower vi-
bration displacement curve, and pitch angle curve are
obtained without accounting for the influence of the
3p frequency component on tower vibration, as pre-

sented in Figs.16 (b)—(d), respectively. As seen in Fig.
16(c), the proposed robust variable-pitch method
based on sliding mode control suppresses the
fore-and-aft tower vibration more quickly than the
tower damping control.
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Fig. 16. Tower vibration without considering the influence of the 3p
frequency component. (a) Wind speed curve at the hub. (b) Wind
turbine rotation speed curve. (¢) Fore-and-aft vibration displace-
ment curve. (d) Pitch angle curve.
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Fig. 17. Tower vibration with considering the influence of 3p
frequency component. (a) Wind turbine rotation speed curve.
(b) Pitch angle curve. (c) Fore-and-aft vibration displacement
curve. (d) Side-to-side vibration displacement curve.

Taking into account the influence of the 3p frequency
component on tower vibration and under the wind con-
ditions shown in Fig. 13(a), the wind turbine speed
curve, pitch angle curve, fore-and-aft tower vibration
displacement curve, and side-to-side tower vibration
displacement curve are shown in Figs. 17 (a)—(d), re-
spectively. As depicted in Fig. 17(c), the 3p frequency
component does not induce fore-and-aft resonance of
the tower under both tower damping control and the
proposed control method. Meanwhile, compared with
the tower damping control, the proposed robust varia-
ble-pitch strategy based on sliding mode control not
only suppresses the fore-and-aft tower vibration more
quickly but also effectively reduces the influence of the
3p frequency component on such vibration. In Fig. 17(d),
both the tower damping control and the proposed ro-
bust variable-pitch method based on sliding mode
control fail to control the side-to-side tower vibration.
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However, since side-to-side tower vibration is only of
secondary concern compared to fore-and-aft tower vi-
bration, certain scenarios may only require considera-
tion of the latter.

D. Comparisons of the Fore-and-Aft Tower Vibration
Suppression Methods

The suppression effects of fore-and-aft tower vibration
are compared here. Figure 18 shows the fore-and-aft
tower vibration suppression comparison charts under the
natural wind speed conditions presented in Fig. 14(a).
The results demonstrate that the proposed robust varia-
ble-pitch method based on sliding mode control is the
most effective in suppressing fore-and-aft tower vibra-
tion.

In Fig. 19, the time window (299 s to 300 s) from
Fig. 18 is used to provide a more detailed quantitative
analysis of the fore-and-aft tower vibration suppression
effect. From Fig. 19, the coordinate data of vibration
waveforms can be derived. By examining the coordinate
data, it becomes evident that the main frequency of the
vibration waveforms is very close to the tower’s natural
frequency of 1.5 Hz. Next, the waveform change at this
natural frequency is analyzed.
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Fig. 18. Comparison charts on the fore-and-aft tower vibration
suppression.
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Fig. 19. Time window (299 s to 300 s) in Fig. 18.

As shown in Fig. 20, the blue line represents the vi-
bration waveform while the red line represents slow
changes in low-frequency signal. The vibration wave-
form can be seen as a periodic signal superimposed on

the low-frequency signal. We assume that the amplitude
of the periodic signal is am, the coordinates of points 4,
Bi, and B, are known, and the red line can be approxi-
mated as a straight line. By the following formula (39),
we can derive (40).

Yy =—a, +Y,

Yo, =—a,+ Y,
Y, =a,+Y, (39)
1
Y, zE(YCI +1e,)
1 1
ay =Y, —Z(YB] +%,) (40)

where Yo, Yy, Yoo Yoru Yoo
ordinates of points 4, B,, B,, C,, C,,and D, respec-

and Y, are the Y-axis co-

tively. The vibration amplitude at the natural angular
frequency can be obtained using (40). Through calcu-
lation, the amplitude of fore-and-aft tower vibration is
reduced by about 24.92% under the crossing resonance
zone method. Under the tower damping control, the
amplitude reducti on reaches 56.23%, while under the
proposed robust variable-pitch method, the value is
decreased by approximately 79.80%. Meanwhile, from
Fig. 21, the percentage amplitude of fore-and-aft tower
vibration under natural wind speed can be directly ob-
served. Compared with tower damping control, the
suppression ability of the proposed method for
fore-and-aft tower vibration is improved by about
53.85% at the natural frequency.

A A

»
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Fig. 20. Coordinate data of the vibration waveform.
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120% = Without suppression strategies
100% = Crossing resonance zone strategy
m Tower damping control strategy
80% = Proposed control strategy
60%
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Fig. 21. Percentage amplitude of fore-and-aft tower vibration at
the natural frequency.
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Finally, power spectral density (PSD) is used to an-
alyze the fore-and-aft tower vibration. Figure 22 pre-
sents the PSD values at various frequencies under nat-
ural wind speed conditions. For instance, the PSD val-
ues in 10 Hz are respectively —80 dB, —80 dB, —93.2 dB,
and —99.6 dB. This indicates that under the crossing
resonance zone method, the amplitude of fore-and-aft
tower vibration is not reduced. Under tower damping
control, this amplitude is reduced by about 73.29%,
while under the proposed robust variable-pitch method,
it is reduced by approximately 85.91%. Compared to
tower damping control, the suppression ability of the
proposed method for fore-and-aft tower vibration is
improved by roughly 47.25 % at the excitation fre-
quency of 10 Hz.

— PSD withoi
--= PSD undet
— PSD under
— PSD undes
(10 Hz, =80.0 dB)

(10 Hz. —=80.0 dB)

Amplitude (dB)

10! 10°
Frequency (Hz)

Fig. 22. PSDs under natural wind speed.

VII. CONCLUSION

With the large-scale development of WECS, tower
vibration has become more pronounced, emerging as a
significant concern. To analyze the mechanism of tower
vibration and develop effective mitigation strategies,
this paper has established a mechanism model of tower
vibration, comprehensively analyzed the influence of
WS and TSE, and proposed a robust approach to sup-
press tower vibration effectively. Several suppression
schemes, including the crossing resonance zone method
and the tower damping control, have been evaluated,
alongside the proposed variable-pitch method based on
sliding mode control. The main conclusions are as fol-
lows:

1) The 3p frequency component generated by WS
and TSE causes tower resonance when WECS operates
at specific speeds. The crossing resonance zone method
ensures rapid traversal of the resonance zone, effec-
tively averting tower resonance.

2) The proposed robust variable-pitch method based
on sliding mode control not only expedites suppression
of fore-and-aft tower vibration but also more effectively
reduces the influence of the 3p frequency component on
fore-and-aft tower vibration. Compared to tower
damping control, the suppression capability of the
proposed method for fore-and-aft tower vibration is
improved by 53.85% and 47.25% at the natural fre-

quency of 1.5 Hz and excitation frequency of 10 Hz,
respectively.

3) Pitch control methods, including tower damping
control and the proposed robust variable-pitch scheme,
have negligible effect on the suppression of side-to-side
tower vibration. There is a need to explore pitch control
methods that can effectively suppress fore-and-aft tower
vibration and side-to-side tower vibration at the same
time.

The future research directions are as follows:

1) Subsequent studies should explore the impact of
other uncontrollable factors, such as unpredictable
weather conditions, grid voltage dips, and grid voltage
imbalance, on tower vibration.

2) The proposed robust control method could be im-
proved to enhance the robustness of the system, miti-
gating parameter uncertainties and unknown disturb-
ances.

Developing innovative pitch control methods capable
of suppressing both fore-and-aft and side-to-side tower
vibrations will be a major research focus in future
studies.
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where £ is the pitch angle of collecting variable-pitch;

F,, and F,, are given by:

fd 1 B V=V,
Fp = EZF =kC, |, (A3)
= 1 & V=7,
Fy = E;FAU =kC, ﬂ:}z (A4)

In general, due to the inflow angle is small, there
are sin I=I~ky, /o, and cos/=l. In (A5)-(A10),

k=0.5WL(R—,,)_' and k=(1-a)/[(1+b)R]; Kk and

V=v,

kp; can be found in (5a) and (5b), for example when

a<<7.5° j=1 and jj=1, and then k;,=0.1267 and
kp, =0.
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