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Abstract

This paper assesses dynamic performance of PMSG-based wind turbine (WT) regarding the blade
in-plane fatigue loads once the wind turbine is controlled in power control mode. Blade in-plane
oscillations, associated with the poorly blade in-plane modes, can be excited by turbulent winds or
grid disturbances that may lead to damage of the blades and reducing the drive-train reliability. To
overcome this drawback, at first, a model with three degrees of freedom is extracted for the drive-
train system, and then, an active mitigation approach is proposed to mitigate the blade in-plane
oscillations. The proposed method can effectively suppress the blade in-plane vibrations by adding
a supplementary term into the power control loop that is proportional to the speed difference
between the blade and generator. The speed difference between the blade and generator is obtained
by estimation of the blade-hub and hub-generator shaft torsional torques. Next, performance of the
proposed active mitigation approach is examined by the modal and frequency response analyses
and time-domain simulations. Finally, it is shown that the proposed approach has superior
performance over the conventional approaches based on the simplified drive-train model and
crossing the measured generator speed through a band-pass filter.

Keywords: Blade in-plane oscillations, three-mass drive-train model, PMSG-based WT, blade-
hub shaft torsional torque, active mitigating approach

Nomenclature

R Air density Vi Hub height wind speed
p Blades radius m Proportionality constant between the spatial
and hub height wind speeds

Vuw Spatial average wind speed wa Equivalent wind speed due to wind shear
Xnd' Tower top displacement speed - Equivalent wind speed due to tower shadow
Co Power coefficient of the blades a Empirical wind shear exponent

A Blade tip speed ratio a Tower radius
s Blade pitch angle X Blade origin from tower midline
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Blade angular speed

Shaft twist angle between the blade and
the hub

shaft twist angle between the hub and
the generator

Mutual damping coefficient between the
blades and hub

Mutual damping coefficient between the
hub and generator

Blade-hub shaft stiffness coefficient
Hub-generator shaft stiffness coefficient
Hub angular speed

Generator angular speed

Base angular frequency of the blades

Azimuthal angle of the blades
Turbine torque
Turbine power

Generator torque

Torsional torque between the blades and
hub

Torsional torque between the hub and
generator

Blades inertia constant

Hub inertia constant
Generator inertia constant
Stator currents in d-q reference frame

Stator voltages in d-q reference frame
Stator fluxes in d-q reference frame
Stator angular frequency

Permanent magnet flux linkage

Stator inductance

Stator resistance
Stator output active power
References of d-q stator currents

Closed-loop band width of the stator
current control

Proportional and integral gains for stator
current controllers

Vector of state variables

Vector of exogenous inputs

sh—hg

sh—bh

Hub height
dc-link voltage

dc-link capacitor
Active power injected to the grid

Power loss related to the generator,
converter and interfaced filter

Base current

GSC dg-axes currents

Grid voltages in d-qg reference frame
PLL grid angular frequency
Interfaced filter inductance

Interfaced filter resistance

Reference of d-axis grid current

State variable corresponding to the dc-link
voltage controller

State variables corresponding to the grid
current controllers

Reference active power

MPPT gain

State variable corresponding to the active
power controller

Maximum operating of the generator speed
Pitch angle command

Time constant of the pitch actuator

Proportional and integral gains for pitch
controller

State variable corresponding to pitch
controller

Estimated value of hub-generator torsional
torque

Estimated value of the blade-hub torsional
torque

Estimated value of the generator torque

Cut-off frequency of high pass filters
Feedback gain of auxiliary terms

Angular speed related to the hub and blades
in simplified tow-mass drive-train model
State variables corresponding to the stator
current controllers

State matrix

Input matrix

1. Introduction

Due to developments in the wind turbine (WT) industry, recently, new WT manufacturers have
concentrated on upscaling of the WTs to megawatt (MW) sizes, resulting in the overall cost




reduction of energy production due to better energy capture [1]. Permanent magnet synchronous
generator (PMSG), due to instinct advantages such as brushless structure of the rotor, high
efficiency and power density as well as the suitable low-voltage ride-through (LVRT) capability,
is a well-known generator type used in large MW size WTs [2]. Figure 1 depicts the WT system
with PMSG connected to the distribution grid via back-to-back converters, known as machine-side
converter (MSC) and grid-side converter (GSC). In the literature to operate the PMSG-based WTs
in power point tracking (MPPT) mode, two control strategies for converters are employed. In the
first control strategy, the MSC is used for generator speed/ active power regulation, and the GSC
for the dc-link voltage adjustment. In the second control strategy, the MSC is controlled for
adjustment of the dc-link voltage, and the GSC for the output active power regulation [2]. In [3],
by using the full linearized model of the dc-link dynamics and stability considerations, the dc-link
voltage controller in the second control strategy has been designed. Meanwhile, it is shown that
the second control strategy provides better LVRT capability than the first control strategy, even
under sever 3-phase voltage dip. It is noted that in the most practical cases, the WTs often work in
power control mode [4]. Hence, in this paper, the control pattern for the study WT system is
established based on the second control strategy.
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Fig. 1. Schematic diagram of the study grid connected PMSG-based WT

The steadily increasing power rating and structural size in the WTs have led to more susceptible
their mechanical rotational parts against dynamic turbulences [2]. This issue brings up a
considerable increase in the fatigue loads and stresses on the blades. The WT blades can vibrate
as perpendicular or aligned to the rotational plane of the blades, recognized as out-of-plane and in-
plane vibrations, respectively. Due to aerodynamic properties of the WT blades, the blade in-plane
vibrations exhibit lighter damping feature compared to the out-of-plane vibrations. Hence, blade
in-plane vibrations are known as responsible for a significant portion of the operation and
maintenance challenges of megawatt-scale WTs [5]. In terms of the motion direction of the blade
in-plane loads, their dynamics are strongly coupled to the drive-train system [6, 7]. These modes
can be excited by wind speed variations or grid fault conditions that may lead to failure and
deformation of blades structure. For mitigating the blade in-plane fatigue loads and preserving the
blade structure, further insights into drivetrain dynamics are required. To the best knowledge of
the authors, little work has been published in the literature in regard to the integration of the blade
flexibilities into the drive-train dynamics and mitigation of the respective loads. In [8, 9], it is
shown that to accurately analyze the mechanical rotational parts of the WTs, the dynamics related
to blade flexibilities should be incorporated into the drive-train model using the three-mass drive-
train model. This model can more efficiently describe the dynamic behavior of the drive-train
system, compared to the two-mass drive-train model [10].



Damping methods for rotational mechanical loads are divided into passive and active strategies.
Passive methods need additional mechanical equipment with special materials which should be
placed on the drive-train structure, but there is a cost associated with this method, and occupies
extra space on the drive-train elements [11]. Active damping methods through modification of the
control system exhibit more efficient capability and have recently gained much interest [12].

In [13], considering the three-mass drive-train model for a PMSG-based WT, two damping
auxiliary components are applied in the control system operated in the speed control mode to
suppress both the blade in-plane and drive-train modes. These components are constructed using
the measured generator speed signal after crossing through two band-pass filters (BPFs) tuned
around the drive-train eigenfrequencies. However, in this paper, the parameters of the drive-train
system are considered such that both the drive-train natural frequencies are extracted very close to
each other, where not in agreement with actual conditions [8, 14, 15]. Moreover, no elaborated
theoretical analysis has been gained for assessing the effect of the proposed damper. It should be
noted that the efficacy of the BPFs greatly relies on their parameters and can be compromised
under uncertainty presence.

In Refs. [2, 11, 16, 17, 18], it is shown that a damping axillary term proportional to the difference
between the rotational speeds of the turbine and generator can present superior performance over
the methods based on feeding the generator speed through a BPF with and without considering the
model uncertainty. These works are done based on the two-mass drive-train model and the blade
flexibilities are ignored, furthermore, the WT operates in the speed or torque control mode .

In solution to the aforementioned deficiencies, this paper presents an efficient active mitigating
approach for PMSG-based WT in power control mode to reduce the blade in-plane fatigue loads.
This approach is inspired by the active damping methods based on the speed difference between
the low-speed and high-speed shafts, with this distinction that the blade flexibilities are considered
in the drive-train system.

The innovative contribution of this paper are expressed in the following points: (1) Identifying the
drive-train oscillatory modes based on a drive-train model with the appropriate fidelity level and
properly respected parameters using the small signal stability analysis (2) Finding out the dynamic
correlation between the blade in-plane loads and the rotational speeds in the three-mass drive-train
model (3) Modifying the power control loop by adding an auxiliary term proportional to the
difference between the rotational speeds of the blade and generator into the power reference (4)
Providing the speed difference between the blade and generator by estimation of the blade-hub
and hub-generator shaft torsional torques (5) Comparing the efficacy of the proposed active
mitigating approach with those of approaches based on the generator speed feedback and the
simplified two-mass drive-train model

2 .PMSG-based WT model

This section deals with modelling of aerodynamic part, drive-train system and generator in PMSG-
based WTSs.

2.1. WT aerodynamic model



To describe the aerodynamic characteristics of an upwind turbine, the aerodynamic conversion
process should be considered. The mechanical power extracted by turbine can be given as [19]:

P =2 PR, %, )'C, (2. ) )

where p is the air density, R is the radius of blades, Vi is the spatial average wind speed and Xnq" is
the tower top displacement speed; Cp is the power coefficient of the blades which is relevant to
construction properties of wind turbine and is defined as a function of the tip speed ratio, 4, and
blade pitch angle, g. 1 as the blade tip speed ratio is given by

Ra, )
(Vw — Xng )

where wy is the blade angular speed.

Blade passing phenomenon (BPPh) in three-bladed wind turbines originates from the inherent
aerodynamic characteristic of the wind turbine and causes the periodic fluctuations emerged on
the mechanical torque. These fluctuations have the frequency content corresponding to the three
times the rotational frequency of the blades (p); In other words, the BPPh is generally known as
3p effect [16]. The BPPh consists of the wind shear and tower shadow where the wind shear refers
to the spatial distribution variations of the wind speed from upward position to downward position
of the blades, while the tower shadow is due to altering the uniform flow of the wind when each
of blades encounters the tower. In order to apply the 3p effect in aerodynamic system, the
oscillating term related to the mechanical torque is given by [20, 21]

1§

2 3
= —mV [veqws + Vg + 1-m)v, }Tto )

H

V, =mV, (4)

where m is the proportionality constant between spatial wind speed, (Vw) and hub height wind
speed, (Vn), T, is the average value of the mechanical torque, T, =P, /@, , V,, Is the equivalent

wind speed due to wind shear, and v,, is the equivalent wind speed due to tower shadow, which
their formulas are expressed as

Vi, =V, [“(“ Dy Ae=Ha=d) (2 )cosseb} ©)

Z oSG, 2R ©)
Yoo, = 3R2 sin’ 49 X? R%sin* g, + X?

Where a is empirical wind shear exponent, a is the tower radius, X is blade origin from tower
midline, H is hub height and 6y is azimuthal angle of the blades. Hence, the comprehensive



mechanical torque equation, comprising both the average value term (T,,) and the oscillating term

(T,), can be given as

T =T, +T, (7

t
2.2. Drive-train modelling

The wind turbine drive-train is responsible for transmitting the aerodynamic torque which is
derived by blades to the generator’s shaft or namely via this system the lift forces extracted from
the blades is converted to the electricity energy. This system generally comprises the horizontal
axis blades, hub, low speed shaft (LLS), three-stage gearbox, high speed shaft (HSS) and
generator. Drive-train system is generally modeled through a collection of rotating masses by
shafts [10]. In this modelling method, it is assumed the masses possess inertia without stiffness,
whereas the shafts possess stiffness without inertia. The number of masses and shafts of the drive-
train model depends on the type of the study drive-train system and required accuracy of dynamic
analysis associate with it. The fatigue local loading of the blades are related to edgewise bending
modes, whereas bending modes of the blades are generally recognized in the rotor plane. Hence,
the referred blade edgewise bending modes on this plane are known as blade in-plane modes. Since
the symmetrical in-plane modes of the blades are responsible for motion of the blades in rotational
direction, therefor, they can be coupled with the drive-train [22]. In Fig. 2 the symmetrical in-plane
modes of the blades are shown wherein all the blades vibrate collectively in the specified direction
[23]. In order to study the blade in-plane modes, the blades should be considered as separate mass
in the drive-train system model [24]. Using this model, the symmetrical in-plane modes of the
blades are coupled to the drive-train and can be observable. Hence, the three-mass drive-train
model realizing this aim is employed in this paper.

Fig. 2. Symmetrical in-plane modes of the blades [23]

In the three-mass drive-train model, the rotor is split in two masses, the blades and the hub masses,
and the third mass is related to the generator. The three-mass drive-train model referred to the HSS
is illustrated in Fig. 3 and the linearized form of its dynamic equations are given in (8)-(14).



Fig. 3. Three-mass drive-train model

AT, AT, . —D,A@, = 2H, dﬁ—f’b (8)
ATy o — ATsh—hg -DAw, =2H, dAa ©)
dAo, (10)
KTy + AT, = DyAay =2H, —
AT o = KipAby o + Dy (At —Awy) (11)
ATy 1y = KiyAby o + Dy (Ao, —Aw,) (12)
dAg;h_bh = wz (Aw, — Aw,) (13)
dAe,, (14)
% = wy(Aw, —Aw,)

where the prefix 4 denotes the small deviation around the operating point, wh and wq are the
rotational speeds of the hub and generator, in (p.u.), respectively, Gsn-on and Gsn-ng are the shaft twist
angles between the blade and the hub and also between the hub and the generator, in (p.u.),
respectively, Tt and Te are the torques related to the turbine and generator, in (p.u.), respectively,
and Tshbh and Tsnng are the torsional torques related to the blade-hub and hub-generator shafts, in
(p.u.), respectively, Hp, Hh and Hgy are the inertia constants associated to the blades, hub and
generator, in (sec), respectively, Kon and Kng are the shaft stiffness coefficients associated to the
blade-hub and hub-generator shafts, in (p.u./elec. rad), respectively, Dun, Dng are the mutual
damping coefficients between the blade and hub and between the hub and generator in (p.u.),
respectively, Dy, Dn and Dy are the self-damping coefficients associated with the blade, hub and
generator in (p.u.), respectively, ws is the base angular electrical frequency in (rad/sec).

The turbine torque is considered as Tt=Pvwp and its linearized form around the turbine operating
speed ¢, is obtained as

T. oC T oC oC T 15
AT, = (-5 (3- 22 S0V, + (2 A+ (e T o e yng, (15)
vV, C, o4 C, B V,.C, 04 @,

where T, , V,,, 4, and C_ are the turbine torque, wind speed, blade tip speed ratio and power
coefficient at the operating point, respectively, and @, is the base angular frequency of the blades.



In the three-mass drive-train model, from the blade in-plane fatigue loading point of view, the
blade-hub shaft torsional torque, Tsh-on, IS considered as blade in-plane bending moment. Hence
the oscillations of Tshbh is assumed as undesirable torque vibrations, representing the blade in-
plane bending fatigue loading. These oscillations may be appeared on the Tsn-on under wind speed
changes or grid faults [25]. In other words, the mechanical and electrical step loads because of
including the all frequencies can excite the natural frequency of the blade in-plane modes, and
accordingly the blades vibrate with their own resonance frequency [26]. Using 8 to 14, the
resonance frequencies of three-mass drive-train model are obtained as

1 16
[ b oo
Y22zl 2T 2
where b and c in (16) are given by
11 11 (17)
b=- K —+ +K —
I: bth(ZHb 2Hh) hng(ZHg ZHh):|

o,
¢ =K, Ky TB(Hb +H,+H,)

Therefore, the three mass drive-train model has two resonance frequencies and these resonance
frequencies for the study WT system with parameters of Appendix are obtained as 2wx2.29 rad/sec
and 27x13.34 rad/sec. The study system is based on the NREL 5SMW WT model given in [15].
Since the NREL drive-train is based on the two-mass model, to develop it to the three-mass model,
the NREL drive-train parameters are slightly modified according to [14, 27, 28].

2.3. PMSG modelling

This section deals with the dynamic modeling of the PMSG in the rotor reference frame rotating
at the generator speed, in which the d-axis is aligned with the rotor flux vector, and the g-axis is
perpendicular to it. In PMSG modelling procedure, the following assumptions are considered: (a)
positive direction for the stator current, as depicted in Fig. 1, is assigned into the generator, (b) all
system parameters and variables are in per unit (c) the PMSG under study is non-salient pole. The
stator voltages, fluxes, and electromagnetic torque in the synchronous d-q frame are given by [29]:

o 1 dy, (18)
Vsdq = Rslsdq + Ja)gl//sdq +Q_qu
B
l//sdq = Lsisqd +l//pm (19)
Te = l/’pmisq (20)

Where y, v and i are the flux, voltage, and current, in (p.u.), and subscript s denotes the stator
quantities. Ls and Rs are the stator inductance and resistance, in (p.u.), respectively, wpm is the
amplitude of the flux linkage in the stator due to permanent magnet of the rotor, in (p.u.), wg is the



electrical rotational speed of the generator, in (p.u.), and it at the steady state condition is equal to
the stator angular frequency, ws.

under the steady state condition and by ignoring the stator loss, the stator output active power can
be written as [3]

Ps = _mea) i (21)

g |5q

According to (20) and (21), the electromagnetic torque and consequently the stator output active
power can be controlled by the g-component stator current, isq.

3. Control structure of PMSG-WT
In the following, control structure of the power converters and the pitch system are presented.
3.1. Control structure of the MSC

This section deals with the control loops of the MSC. The main function of the MSC is to adjust
the dc-link voltage through regulating the stator output active power. The MSC control structure,
comprises the inner dg-axes stator current control loops and outer dc-link voltage control loop.

3.1.1. Inner current control loops of the MSC

By using (18) and (19), the PMSG stator dynamics in terms of the stator current and permanent
magnet flux are describe as

. L di . (22)
Vy =Ry +—=—2 -0 Li
O ey dt P
oL dig : (23)
Vg, = R +a)—5 +o,Lly, +op,,
B

Based on above equations, the closed -loop control of the dg-axis stator current with PI controller
is achieved as depicted in Fig. 4. The reference of g-component stator current, isqrer, for the inner
current control loop is determined by the outer dc-link voltage controller, and thus in order to
achieve the maximum torque per current, the reference of the d-component stator current isqref iS
set to zero [3]. In order to determine the parameters, the zero-pole cancelation method is employed.
Considering Fig. 4, the following relation is concluded

k| -ig Rs Wy (24)
k L

P—i s



After cancelling the pole of the plant with the zero of the PI controller, the closed-loop band width

p-i, @

of the stator current control is obtained, as ¢, = , and transfer function from isqref t0 isq

can be given as

% (25)
Isq,ref S+ ais
Disturbance
r———=-
|| jo,Liig, | !
_ —
Ea
L sdq
PIE) I R,+—s
. dg-axis stator _ _ a)b
|qu current controller I~ - I
I Jy/pmwg I
| ——
Disturbance
Fig. 4. Closed-loop control of dg-axes stator currents
The state equations corresponding to the stator current controllers are obtained as
dx, _ (26)
dt =l rer —lsg
dx; _ (27)
dt = lsq,ref _Isq

3.1.2. dc-link voltage control by the MSC

Considering Fig. 1, the linearized power sharing equation in the dc-link section is given by [30]:

28
Cchdc dAV = AP AP AI:)Ioss ( )
° dt

Where Pgy and Pioss represent the active power injected to the grid and power loss related to the
generator, converter and interfaced filter, respectively, Vqc is the dc-link voltage, V,, stands for

the dc-link voltage at the operating point and Cqc is the dc-link capacitor. According to (21) and
(28), the dc-link voltage is set to its reference voltage through g-axis stator current, isq. Fig. 5
depicts the closed-loop control of the dc-link voltage, where Py and Pioss act as disturbances. The
PI controller specifies the reference of the g-component stator current in ampere, -lsq,ref, and to use
it for the inner current loop, it has been converted to per unit through the gain -1/Ig, where Ig is the
base current.

The state equations corresponding to the MSC outer dc-link voltage controller is obtained as

10



o _y (29)
dt — Vdc,ref dc
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Fig. 5. Closed-loop control of the dc-link voltage
Figure 6 shows the overall block diagram of the MSC control system.
[y Pl Vg abc
__ Inner d-axis stator
Isd current controller SPWM
T e Y [ 1= T
- Outer de-link : 5 Inner g-axis stator dq
controller . current controller 09 I
Vie I MsC JV“C
abc q i4 i
dq | | SCJ
09
» PMSG
1= vy
S

Fig. 6. Overall control structure of the MSC

3.2. Control structure of the Grid side converter

In this section, the control loops associated to the GSC is presented. The main function of the GSC
in the power control mode is to control the active power injected to the grid. Further, the GSC can
also regulate the power factor and reactive power injected to the grid. Similar to the MSC, the GSC
control structure, consists of inner and outer loop controls.

3.2.1. GSC inner dg-axes current control loops

According to Fig. 1, the GSC voltage dynamics in pu and in the synchronous reference frame with
grid voltage orientation (vg,anc) can be written as

11



. oL, di (30)
Vo = Ryigg — L ol a)—gd—?[d+vgd
B
. _ di (31)
Vg = Ryl — Lol +a)_gd_iq+vgq
B

where igq and igq are the GSC dg-axes currents, Vge and vgq are the dg-components of the grid
voltage, Lg and Rq are the inductance and resistance of the interfaced filter, in (p.u.), respectively,
o is the grid angular frequency obtained by the PLL, in rad/sec.

Figure 7 demonstrates the closed-loop control of the GSC dg-axes currents. The GSC is controlled
in the dg-frame with grid voltage orientation, and thus, the d-axis reference current, igd,ref, IS
provided by the outer active power controller.

Disturbance

r—m———-
|| Jobyig, |
—_r
| 1 .
_— |
gdg
PI(s) L
R, +—%s
dg-axis GSC (1]
i current controller — — I
gdq |
V
(=J I
Disturbance

Fig7. GSC closed-loop current control loops
The state equations corresponding to the GSC dg-axes current controllers can be given as

dx. _ (32)
o —i

= dq, ref d
dt gaq gaq

3.2.2. GSC outer active power control loop

Figure 8 depicts the closed-loop control of the GSC active power, where the reference active power
Pg.ref IS determined based on a predefined power-speed curve designated based on aerodynamic
specifications of the turbine blades. Generally, operating regions of the WT are the optimum and
constant power modes. In the middle wind speed range, the output active power reference is set to
the optimum value to yield a maximum power capture at a given wind speed. The relation between
the active power reference and generator speed, wg, at the optimum state is approximated by
Pg.rei=Koptewg®, Where at high wind speeds, the active power reference is limited to the rated value,
i.e. 1 pu[3, 11]. The state equations corresponding to the GSC active power controller can be given
as
dx, (33)

9 — —
dt — ' g,ref F)g,ref

12
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Fig. 8. GSC outer active power control loop

3.3. Pitch angle control loop

To prevent the mechanical fatigue loading or even the mechanical fails in the blades at above rated
wind speeds, the pitch angle control system attempts to limit the WT aerodynamic power and
consequently the generator speed to the their rated values. Figure 9 depicts the closed-loop control
of the collective pitch angle system where wgrer is the maximum operating of the generator speed,
Pref IS the pitch angle command, f is the actual pitch angle and 3 is the time constant of the pitch
actuator. The saturation and rate limiter units are applied on the pitch angle command to set the
maximum and minimum pitch angles and to regulate the rate of the pitch angle changes,
respectively. Based on [31], considering the drive-train dynamics and the aerodynamic model
uncertainties, the pitch angle controller parameters (kp-s and ki) are obtained. The state equations
related to the pitch system actuator and controller are obtained as

L - L P~ ) (34)
Tp
Y (35)
dt g,ref o]
wb Vw

0 | |

=B 1 —f | wind Turbine| T, [wind Turbine| @,
PI(s) [ 7|L > 1457 Aerodynamic Drive train
e B Model Model
LS Rate Actuator

Saturation Limiter model

Fig. 9. Closed-loop control of the pitch angle
4. Small signal stability and modal analysis

Equations (8) — (15), (22) — (23) and (26) — (35) describe the dynamic electromechanical model of
the WT and by linearizing and rearranging all of them, the linearized state space model of the WT
system is obtained as

AX' = AAX+ BAU (36)

where A is an 18x18 state matrix, x is the vector of state variables, Xx=[igy,
Xisgr Usq Xigqr Lgar Xiggr Lgqr Xiggr Xpgr Ve Xv o0 By X, Wg, W, Wny Bsn—pny Osn—ngl", U is the vector of
exogenous inputs, u=[,, wg ref, Vg, Vdc’ref]T, and B is the input matrix with adequate dimension.
Modal analysis is carried out on the PMSG-based WT system with parameters of Appendix. The

13



system under study is an 8-pole, 5 MW, 690 V, 50 Hz PMSG-based WT system with rated wind
speed of 12m/sec. The related parameters of the turbine and generator are shown in Appendix.
Because the drive-train oscillatory modes at the constant power operation region of the power-
curve are more intensively observable [4, 13], the operating points for this study are considered
corresponding to the wind speed of 14 m/sec. Based on (36), the eigenvalues of the state matrix
are obtained and then in order to disclose the relationship between the modes and state variables,
the participation factors of state variables are calculated. In Table 1, the system eigenvalues,
corresponding frequency and damping ratio and dominant state variables in the wind speed of
14m/sec are presented.

Table 1 Eigenvalues and dominant state variables for the study WT system

System Modes Frequency Damping State variables with highest
(H2) ratio participation factor
A -677.44 - 1 g
A, -18.13 - 1 &
A -586.93 - 1 iy
s -3.12+83.87] 13.35 0.0372 Oip-ng @,
Y -45.92 + 32.46] 5.17 0.82 Vee X
Xy -18.18 - 1 X,
o1 -0.02+14.73] 2.34 0.0014 - ,
2 -9.05 - 1 B
Airs —0.76+0.46 ] 0.73 0.86 X, o,
g -62.83 - 1 X,
Dists -628.32+0] - 1 i i,
Ay 1s —6.28+0] - 1 X X

According to Table 1 and Section 2.2, the torsional modes 145=-3.12+83.87j, as the relatively
weak damped modes, correspond to the shaft twist angle between the hub and generator Gsh-ng, and
hub speed wn, with corresponding frequency and damping ratio of 13.35 Hz and 0.0372,
respectively. In addition, the torsional modes 19,10=-0.02+14.73j, as the weakly damped modes are
associated with the shaft twist angle between the blade and hub 6sn.0h, and generator speed wq with
corresponding frequency and damping ratio of 2.34 Hz and 0.0014, respectively. Considering the
dominant state variables of table 1, the modes 49,10, related to fsh-bh and wg, are known as blade in-
plane modes that should be taken into account for reducing the blade in-plane fatigue loads. The
real modes A1=-677.44, 1,=-18.13, A3 =-586.93, 1g =-18.18, 111 =-9.05 and 114 =-62.83 are the
very fast damped modes corresponding to isd, X; , isq, X, S and Xp, 1 respectively. The modes

J6,7=-45.92+32.46] are electrical fast modes correspond to the state variable Vg with
corresponding frequency and damping ratio of 5.17Hz and 0.82, respectively. The modes 412,13 =-
0.76+0.46j correspond to the xz and ws, and the modes A1516=-628.32+0j are very fast damped
modes related to the igs and igg. From Table 1, the modes 445 and 49,10 are related to the drive-train

14



system with resonance frequencies of 13.34 Hz and 2.39 Hz, where the modes with frequency of
2.39Hz have lower damping ratio. Hence, once the modes Ag10 are excited, weakly damped
oscillations appear on the blade-hub shaft torsional torque Tsh-on, known as blade in-plane moment,
causing the blade edgewise fatigue loads.

5. Proposed active method for mitigation of blade in-plane fatigue loading

According to the oscillatory torsional modes 445 and g, 10in Table 1, the 9,10 modes have the least
damping ratio and also the shaft twist angle between the blade and hub &sn-on is the first dominant
state variable with the highest participation factor. Considering (11), there is a significant
correlation between Gsh.on and Tsh-oh, and hence by using (8) to (14), the shaft twist angle (€sh-bh)
dynamics can be described as a function of Te and Ty, as follows:

DS

s, et ) 2H_ As?
(K +——)(-1- ) At ————— 1O, +
g 2H,s Kig®@s + DyyS
i @37)
I Dh S 2
B(ws (K, +—)+2H,5%)
W Dig o, ’
S (K + )+ T+T,=0
2H,s Wy Kig@s + DS
where the polynomials A and B in (37) are obtained as
D K. o
A=K, + gy 2Hhge, 1 [ it B+Dhg+2(Hh+Hb)sj[Kbh+Dbhsj
Wy g 2H, s s Wy (38)
1 [ Kygos
B :1——£g—+ D, +2(H, + Hb)sj
2H, s s ’

Considering (38), (13) and (14), there is a direct relation between d0sh.on/dt and (wb-wg). In other
words, the fluctuations related to the blade in-plane modes originate from the speed difference
between the blade and generator. Hence, if the electromagnetic torque has an auxiliary term
proportional to (wb-wg), the blade in-plane fatigue loading can be effectively mitigated. Ignoring
the generator losses, the relation between the PMSG electromagnetic torque and output active
power can be described as

5 (39)

T ~-2
@y

e

In Fig. 10, the proposed approach for active mitigation of blade in-plane fatigue loading is shown,
in which, the supplementary term proportioned to (wb-wg) is added to Pgret , and thus the GSC
output active power loop is modified. Therefore, according to (39), by modifying the GSC active
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power control loop, the electromechanical torque contains the auxiliary term associated with (ws-
wg) realizing active mitigation of the blade in-plane loads.

Supplementary term for fatigue load
mitigation of blade in-plane modes

r—_———

(1) () wgl

o, i P

gd ref ig gd 9
PI(s) " Ve

iy

wg
—

Output active
power controller

Fig. 10. The modified power control loop by applying the proposed supplementary term

Table 2 depicts the system eigenvalues and dominant state variables for the PMSG-WT system
with modified output active power control loop and Ke=10. Comparing Tables 1 and 2, it is
concluded that the proposed approach based on the modified power control loop significantly
improves the damping ratio of the modes 49,10 from 0.0014 to 0.48.

Table 2: The eigenvalues and dominant state variables for the WT with proposed active mitigation method

System Modes Frequency Damping State variables with highest
(Hz) ratio participation factor
A 677.44 - 1 Iy
A, -18.13 = 1 X,
A -586.6 - 1 isg
A -2.61+84.83] 135 0.031 O -1g @,
. -27.61 + 32.55) 5.18 0.65 V, X,
A -18.17 - 1 X,
o 10 ~7.76+14.26 2.27 0.48 Oy o o,
' -9.45 - 1 B
Aip s A, =—0.76+0.46] 0.073 0.86 X, o,
o -84.93 - 1 X, Vv,
Aiss -628.32+0j - 1 igg igq
. Ay =—6.2810] - 1 X, X,

5.1. Implementing the proposed approach for blade in-plane fatigue load mitigation

To implement the active mitigation approach proposed in section 5, access to estimated values of
both the blade speed and generator speed is required. Because measuring the blade speed is not
simply possible, in this section, the hub-generator and blade-hub torsional torques, i.e. Tsh.ng and
Tsh-oh, are firstly estimated, and then the blade speed is estimated. According to (11) to (14), (w»-
wg) can be obtained as
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(40)
0, — Wy = (Tshbh +( Mo 1 + Din_SThy )Tshhg] L ST

Ky 1+ST, D, 1+5T,, D,, 1+5T,,,

where the time constants T and Twy are similar and can be given as Dng/Kngws, and time constant
Th2 IS Don/Kohaws. From (9)-(14), the torsional torques Tsh-ng and Tsh-oh can be described as

Tong =—T. +2H 50, (41)

_ _ 42

Topn = L+ 2h, S Tz Mg +2H, 800, 42
Dy, 1+sTy,

where oy is the measured value of the generator speed by encoder sensor, T, . and T, ., arethe

estimated values of the hub-generator and blade-hub torsional torques, respectively, T, is the

estimated value of the electromagnetic torque obtained through the output of the GSC outer loop
controller. To prevent noise exposure of the generator speed, wq, the derivative operators in (41)
and (42) must be replaced with the second order high pass filter, hence (41) and (42) are obtained
as

s? (43)

@y

-rsh—hg = _-ITe +2Hg

s°+2fm s+ w,”

2 _ 2 44
2H, : s : sT,,, T, +2H, s o, (44)
D, s"+2w,5+m," 1+sT,, S°+2w,5+ w,

-rsh—bh =1+

hg

where wn in (43) and (44) is the cut-off frequency of the high pass filters substituted with the
derivative operators. The block diagram of Fig. 11 demonstrates the modified power control loop
accomplished by the (40) and (43)-(44). It is noted that there is a dynamic interaction between the
drive-train system and the control loops of the GSC and MSC.

DC link control

" G T I a |i, 1 T 1 @,
deref ™) | Iy I sta, Rl N 2Hs
Vi 5
Proposed blade in-plane fatigue load mitigation Dy + Ky =~ 5
2 - 2H,s* - s’ | 2H, sT,, - E:] Ton-ng
B2 s’ +2¢o,5+ 0, Dy 1+5T, - (]_ 1 @
T, 2H,s
Ky 1 Ting Ao, 2H s o, -
O l—t o,
K. (o, -o,) _ T T Ky 14T s*+ 28w 5+w,° Dy, + Ky =2 )
e\B & K @, — @y SThp S
=
Dun 14T, D STy Toron
D,, 1+sT,, N 1 | e
? 2H,s
P Ao i , i P!
@ gref A o1 gd ref ig 94 9! Tt

(] \)_'I (s) } Vg |

_- - Sta, | Three mass drive-train model
Power-speed i
ccccc ]

Modified output active power control

Fig. 11. Block diagram of the GSC modified power control loop with the proposed blade in-plane fatigue load
mitigation
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Figures 12 and 13 show the frequency responses of blade in-plane moment, Tshoh, to the wind
speed, Vw, and grid voltage, vg, for the PMSG WTs with and without the proposed compensator.
According to Figs. 12 and 13, by using the modified power control loop, the amplitudes of the
frequency responses of the blade-hub torsional torque to the both wind speed and grid voltage at
the first drive-train resonance frequency significantly decrease. Hence, by employing the proposed
compensator, fluctuations of the blade in-plane moment, under wind speed variation and grid
voltage dip, are effectively improved.
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Fig. 12. Frequency response of the blade-hub torsional torque to the wind speed with and without the proposed
fatigue load mitigation
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Fig. 13. Frequency response of the blade-hub torsional torque to the grid voltage with and without the proposed

fatigue load mitigation

6. Simulation Results

In this section, at first, the dynamic capability of the proposed blade in-plane mitigation approach
against the step change of the wind speed and grid voltage dip is examined. Then, the dynamic
responses of the proposed approach are compared with those of the approaches based on the
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generator speed feedback and the simplified two-mass drive train model. The simulation platform
is established on the MATLAB Simulink environment. The study system, as shown in Fig. 1,
consists of a 5SMW, 690V, 50Hz PMSG-based WT connected to a 20kV distribution grid through
a 10km-20kV cable and rated transformer.

6. 1. Performance evaluating of the proposed active mitigating approach

Figure 14 shows the time responses of the blade-hub shaft torsional torque and generator speed to
the wind speed step change from 12m/s to 14m/s at the cases with and without the proposed blade
in-plane mitigation approach. Moreover, Fig. 15 illustrate the frequency spectrum of blade in-
plane shaft torsional torque and generator speed. Considering Figs. 14-15, after the step change of
wind speed, in the case without the mitigation approach, the weakly damped oscillations with
frequency of 2.34 Hz (related to the first resonance frequency wo1=27%2.34 rad/sec) are appeared
on the blade-hub shaft torsional torque and generator speed. However, the fluctuations of the
blade-hub shaft torsional torque are more severe than those of the generator speed that may result
in stress and fatigue on the blades. According to Fig. 14, in the case with the proposed blade in-
plane mitigation approach, the large oscillations associated with blade in-plane modes are
effectively suppressed and the system quickly recovers its steady state. Besides, the frequency
spectrums shown in Fig. 15 confirms the mitigation effect of the proposed approach. The
simulation results in fig. 14 are in well agreement with the modal analysis results of Sections 4
and 5.

Figure 16 depicts the time response of the pitch angle for two cases with and without the proposed
blade in-plane mitigation approach. Because of the interaction between the pitch control system
and drive-train dynamics, after wind speed change, in the case without mitigation approach slight
fluctuations related to blade in-plane modes appear on the pitch angle resulting in the increasing
control effort of the pitch control system. Whereas by using the proposed mitigation approach, the
mentioned fluctuations are quickly vanished.
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Fig. 14. Time responses of the blade-hub shaft torsional torque and generator speed to the step change of the wind
speed for the cases with and without the blade-in plane mitigating approach
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Fig. 15. Frequency spectrum of the blade-hub shaft torsional torque under the step change of the wind speed for
the cases with and without the blade in-plane mitigating approach
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Figures 17 demonstrates the waveforms of the actual and estimated blade-hub shaft torsional
torque and blade speed once the proposed blade in-plane mitigation approach is applied and wind
turbine is subjected to the wind speed step change. The estimated blade-hub shaft torsional torque
and blade speed are extracted based on (40) and (44), respectively. It is clear that the estimated
and actual waveforms coincide well with each other.
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Fig. 17. Time responses of the actual and estimated blade-hub shaft torsional torque and blade speed to the step
change of the wind speed by applying the proposed blade in-plane mitigation approach

Figure 18 exhibits time responses of the blade-hub shaft torsional torque and generator speed once
WT is subjected to the grid fault at t=15sec for duration of 500msec. It is clear that in the case
without the blade in-plane mitigation approach, weakly damped oscillations corresponding to
blade in-plane loads appear on the wind turbine responses. Nevertheless, by employing the
proposed blade in-plane mitigation approach, the blade in-plane oscillations are damped faster.
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Fig. 18. Time responses of the blade-hub shaft torsional torque and generator speed to a grid voltage dip for the
cases with and without the proposed blade-in plane mitigation approach

6. 2. Evaluating the borrowed mitigating approaches from torsional damping methods for
blade in-plane fatigue load mitigation

In this section, two other approaches for suppressing the blade in-plane fatigue loads are presented.
These approaches are borrowed from torsional damping methods reviewed in the literature. First
approach is realized by modifying the power reference via the generator speed feedback and
passing it through a BPF. The second approach is realized by using the speed difference between
the turbine and generator based on the simplified two-mass drive-train model.

6. 2. 1. Blade in-plane fatigue load mitigation by using the generator speed feedback

Figure 19 depicts the control structure of the modified power control loop made by the feedback
of the generator speed and passing it through BPF. The BPF extracts the oscillatory blade in-plane
fluctuations from the generator speed, and therefore, the drive-train resonance peaks are
attenuated.
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Fig. 19. Modified power control loop created by the feedback of the generator speed and passing it
through BPF

Figures 20 and 21 show frequency responses of the Tsh.oh to the wind speed, Vi, and grid voltage,
vg, at three cases, where the first and second cases are associated with the proposed damping
approach and the damping approach based on the generator speed feedback, respectively, and in
the third case no damping approach is employed. According to Figs. 20 and 21, by using the
proposed active mitigation approach, the amplitudes of frequency responses at the first resonance
frequency considerably decreased, resulting in significant positive damping action on torsional
oscillations.
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Fig. 20. Frequency response of Tsh.on to the wind speed at three cases corresponding to the proposed active
mitigation approach, damping approach based on the generator speed feedback and no damping approach
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6. 2. 2. Blade in-plane fatigue load mitigation by employing the (®t-®g) term based on the
simplified two-mass drive-train model

Considering the three-mass drive-train model, the hub-generator shaft has the lower stiffness
coefficient and is more flexible compared to the blade-hub shaft. Therefore by neglecting the
blade-hub shaft in the three-mass drive-train model, the simplified drive-train model can be
obtained, known as the two-mass drive-train model. Hence, based on the two-mass drive-train
model, the proposed blade in-plane fatigue load mitigation approach given in in Section 5 can be
implemented. The term wt-wyg, as the difference of the turbine and generator speeds, by using the
two-mass drive-train model can be obtained as

2H s (45)
g wg)

(0 -) =2~ (T, 4

Dy, 1+5T, 1+sT,
where wt is the angular speed related to the turbine hub and blades, and the time constants T and
Tp are Dng/Kngews and 1/wn, respectively. Fig. 22 depicts the block diagram of the modified power
control loop via the (wt-wg) compensator taken from the two-mass drive-train model. In the next
Section, performance of this method is surveyed and is compared with that of the proposed blade
in-plane fatigue load mitigation approach.

24



DC link control

i 1 i ]
v STay EEICEN S T @, || Vo] T o—|=2 P
E de,ref S IB S+ai T V/pm : ZHQS E
! : ! i |
E Ve | 5 _ é
s It | @, |
:_____________-------__________________-------__________________-------______‘l : | Dhg + th SB () i
| | | )
: ) |} ]
| [P L e |
T, T (\_ 1] o] |
: LY 2H,s |
E Ke(o, _wg) e 1 1 sT, sh—hg A ZHgS @y E E E
1 1 ]
: el D, 1+sT, O 1+5T, ; g = o
i |
| E E Dy, + KthB —0 s
I Active blade in-plane fatigue load mitigation i T |
| sh-bh 1
T T T T T T T T T T T T p—y T 1 ¢ 1
P, - i a i P ! i S 1 @, ]
® g.ref gd ref i gd g ! i \ |
( ! )_’-_'_ PI(s) sta, Vad E i 2H,s ]
Power-speed | ] ! E
curve | 1 E Tt ]
! )

ST ooo—ooooooooooooooooooooe Three mass drive-train model
Modified output active power control

Fig. 22. Implementing the blade in-plane active mitigation compensator based on the simplified two-mass drive-
train model

6. 2. 3. Performance comparison of the proposed blade in-plane mitigation approach and the
approaches based on the generator speed feedback and employing the (wt-wg) term

Figures 23 and 24 depict the time responses of the blade-hub shaft torsional torque and generator
speed against step change of wind speed and grid voltage dip at four different cases, first case:
without damping approach, second case: proposed mitigation approach, third case: approach based
on the generator speed feedback, fourth case: approach based on simplified two-mass drive-train
model. Considering Figs. 23 and 24, it is evident that the proposed approach has the most efficient
in suppression of oscillations appeared on the blade-hub shaft torsional torque and generator speed.
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Fig. 23. Time responses of the blade-hub shaft torsional torque and generator speed to the step change of the wind
speed at different cases
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Fig. 24. Time responses of the blade-hub shaft torsional torque and generator speed against the grid voltage dip at
different cases
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7. 3. Impact of shaft stiffness estimation error on performance of the proposed approach

In this Subsection, the capability of the proposed blade in-plane mitigation approach in presence
of shaft stiffness estimation error is assessed and compared with other approaches. Considering
(16) and (17), the drive-train resonance frequencies are affected by both the stiffness coefficients
of the blade-hub and hub-generator shafts. Figures 25 and 26 show time responses of the blade-
hub shaft torsional torque and generator speed against the step change of the wind speed. In Fig.
25, -15% error and in Fig. 26, +15% error are considered in estimation of shaft stiffness
coefficients. According to Figs. 25 and 26, the proposed mitigation approach performs well in
suppression of blade in-plane oscillations even under uncertainty in estimation of shaft stiffness
coefficients.
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Fig. 25. Time responses of the blade-hub shaft torsional torque and generator speed against the step change of the
wind speed under -15% error in estimation of shaft stiffness coefficients
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Fig. 26. Time responses of the blade-hub shaft torsional torque and generator speed against the step change of the
wind speed under +15% error in estimation of shaft stiffness coefficients

7. 4. Performance of the proposed mitigation approach considering blade passing
phenomenon

Figure 27 depicts the time responses of the blade-hub shaft torsional torque and generator speed
to step change of wind speed under BPPh and for different mitigating strategies. Considering Fig.
27, the proposed mitigating approach even under BPPh has appropriate performance as well as has
superior effect over than 2 other mitigating approaches.
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Fig. 27. Time responses of the blade-hub shaft torsional torque and generator speed to the step change of the wind
speed under BPPh

8. Conclusion

This paper focuses on active mitigation of the blade in-plane fatigue loading in megawatt-scale
grid connected PMSG-based WT. For this, at first, the drive-train model is such considered that
the blade in-plane oscillatory modes that are responsible for blade in-plane fatigue loads can be
accurately extracted. And then, by using the small signal stability analysis, the dynamic
performance of the WT is examined. Modal analysis exhibits that if any damping action is not
considered in the control system, the open-loop oscillatory modes with low damping ratio appear
on the blade-hub shaft torsional torque as the closed-loop system modes. These modes could result
in appearing low-frequency oscillations on the blade-hub shaft torsional torque once subjecting
the electrical or mechanical excitations which can compromise the reliability of the WT blades.

To mitigate the blade in-plane fatigue loading, this paper proposes a mitigation approach
implemented by modifying the power control loop, indeed a damping auxiliary term is added into
the electromagnetic torque. This component is proportional to the speed difference between the
blade and generator. It is shown that the proposed approach effectively alleviates the blade in-
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plane fatigue loading, moreover, it has superior efficacy over two other mitigating approaches
borrowed from torsional damping methods in the literature under several case studies.
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Appendix A
Specifications of wind turbine model
Symbol Quantity Value
Pn Rated output power 5 MW
R Blade radius 63 m
Ng Gearbox ratio 62
p Air density 1.222 kg/m®
Jo Blade moment of inertia 2.84x10" kgm?
Jh Hub moment of inertia 753519 kgm?
H Hub height 90 m
Ksh-bh Blade-hub shaft stiffness coefficient 6.6x108 N.m/rad
Ksh-ng Hub-generator shaft stiffness coefficient 3.66x10° N.m/rad
Dbn Mutual damping coefficient between the  1.56x10° N.m.sec/rad
blades and hub
Dng Mutual damping coefficient between the  1.05x10® N.m.sec/rad
hub and generator
a Tower radius 24 m
a Wind shear component 0.3
X Blade origin from tower midline 5m
T8 Time constant of the pitch actuator 0.1sec
@, Base angular frequency of the blades 0.4032xm rad/sec
Appendix B
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Specifications of PMSG

Symbol Quantity Value

Sp Rated output power 5 MVA

Vb Rated voltage 690 V

Np Pole pairs 4

B Base angular electrical frequency 100x7 rad/sec
Jg Generator moment of inertia 2.12x10°% kgm?
Rs Stator resistance 8.28x10* Q
Ls Stator inductance 4,091x10° H
Wpm Permanent magnet flux linkage 1.7036 Wb

33



