Energies 2015, 8, 11452-11469; doi:10.3390/en81011452

([ ]
energies
ISSN 1996-1073
www.mdpi.com/journal/energies

Article

Impact of the Converter Control Strategies on the Drive Train of
Wind Turbine during Voltage Dips

Fenglin Miao, Hongsheng Shi * and Xiaoqing Zhang

National Active Distribution Network Technology Research Center, School of Electrical Engineering,
Beijing Jiaotong University, Beijing 100044, China; E-Mails: 12117370@bjtu.edu.cn (F.M.);
xqzhang2@bjtu.edu.cn (X.Z.)

* Author to whom correspondence should be addressed; E-Mail: hshshi@bjtu.edu.cn;
Tel.: +86-10-5168-4337; Fax: +86-10-5168-7101.

Academic Editor: Frede Blaabjerg

Received: 5 August 2015 / Accepted: 18 September 2015 / Published: 13 October 2015

Abstract: The impact of converter control strategies on the drive train of wind turbines
during voltage dips is investigated in this paper using a full electromechanical model.
Aerodynamics and tower vibration are taken into consideration by means of a simulation
program, named FAST. Detailed gearbox and electrical subsystems are represented in
MATLAB. The dynamic response of electromagnetic torque and its impact on the
mechanical variables are the concern in this paper and the response of electrical variables
is less discussed. From the mechanical aspects, the effect of rising power recovery speed
and unsymmetrical voltage dips are analyzed on the basis of the dynamic response of the
high-speed shaft (HSS). A comparison of the impact on the drive train is made for two
converter control strategies during small voltage dips. Through the analysis of torque, speed
and tower vibration, the results indicate that both power recovery speed and the sudden
torque sag have a significant impact on drive trains, and the effects depend on the different
control strategies. Moreover, resonance might be excited on the drive train by an
unbalanced voltage.
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1. Introduction

In recent years, wind turbine generation systems have experienced a significant increase of
penetration in electrical grids around the world. There has been a similar growth in the structural size and
power output of single wind turbines. Correspondingly, much attention has been paid to the service life
and reliability of their mechanisms because of the high production and maintenance costs. Wind turbines
should have the ability to operate in low voltage ride-through (LVRT) conditions and with other
disturbances. However, the impact on drive train due to these electrical disturbances is not negligible and
threatens the safe operation of mechanical parts.

Considerable studies have been performed on the dynamic response and behavior analysis of doubly
fed induction generators (DFIGs) under grid fault conditions [1-5]. The transients of current and voltage
lead to large generator torque oscillations. Some strategies were proposed to mitigate the unwanted
torque oscillation for unbalance voltage conditions [4,5]. Some efforts were focused on the impact on
mechanical parts. Papathanassiou and Papadopoulos [6] highlighted the effect of torque transients and their
propagation in the drive train for fixed speed wind turbines. Symmetrical and unsymmetrical faults,
reclosing operations, phase interruptions and system voltage unbalance were examined. An approach to
develop a simplified mechanical model applicable to commercial wind turbine validation was proposed
in [7]. A comparison on the response of mechanical parts under single-phase and a three-phase voltage
dip conditions was studied. In [8], the dynamic response of transmitted torque onto the gears in each
stage due to the small voltage dip (90%) was analyzed and a detailed gearbox was built in Simscape [9].
Moreover, the transmitted loads through the high-speed shaft (HSS) with different stiffness to the
gearbox were evaluated. The results in [10] showed that lateral tower vibration will be severer when a
wind turbine is working at higher speed and connected to a weaker power system. Under grid fault
conditions, the control effect of converters is always evaluated from the electric aspect. In fact, the impact
on the drive train will be quite different due to the different control strategies implemented in the converter.
This aspect has been less studied in previous works.

In this paper, the rising speed effect of power recovery, the reference value effect of electromagnetic
torque during a small voltage dip and the torque response under unbalance voltage conditions are
investigated based on the mechanical variables, such as HSS torque, generator speed and tower
vibration. The DFIG 1.5-MW wind turbine model used in this paper considers the interaction among the
aerodynamic, mechanical and electrical subsystems through co-simulation of the software package
FAST (Fatigue, Aerodynamics, Structures and Turbulence) [11] and Matlab/Simulink. The aerodynamics
of the turbine rotor, the dynamics of the low-speed shaft (LSS) and tower are achieved using FAST.
However, mechanical dynamics is paid great attention rather than the electrical variables. The rest of
the paper is organized as follows: Section 2 describes the modeling method of full electromechanical model
and the converter control strategies are introduced in Section 3. Comparisons of the simulation results are
shown and analyzed in Section 4. Finally, Section 5 concludes with the main results.

2. Modeling of Drive Train and Electrical Subsystems

The drive train in a DFIG wind turbine generally consists of LSS, gearbox, HSS, generator and
coupling. Gearbox, as the weakest component, should receive the greatest focus. Electrical disturbances
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are likely to exert a detrimental effect on the gearbox. This effect is mainly expressed in the torsional
vibration system which can be built based on the mathematical expressions and implemented in
Matlab/Simulink. The main parameters of a DFIG wind turbine are listed in Table 1 and others are listed
in the Appendix (Table Al).

Table 1. Main parameters of the wind turbine. HSS: high-speed shatft.

Parameters Value Parameters Value
Rated wind speed 11 m/s Rated power 1.5 MW
Rated rotor speed 1.82 rad/s  Rated voltage (line to line) 690 V

Gearbox ratio 103.6 Frequency 50 Hz
Rotor diameter 70 m Generator inertia about HSS 90 kg'm?

Tower height 82.38 m  Hub inertia about rotor axis  34.6 x 10° kg-m?

2.1. Drive Train Model

HSS is very sensitive to disturbances from the generator. The loads with higher frequencies can be
filtered when transmitted from HSS to LSS [6,8,12]. A purely torsional drive train with nine degrees of
freedom (DOFs) is essential for investigation of the dynamic response. In this work, it consists of one
planetary stage and two parallel stages, and the computer-aided engineering (CAE) model is shown in
Figure 1. It is assumed that three planets share the same loads at any time. Then the three can be
equalized to one planet meshing with a ring and sun gear. The meshing force in the transversal plane and
reaction torque on the gear can be expressed as follows:

1:Fmeshri (1)
T, ==T = Fuu

mesh
where Fmesh is the meshing force, Km is the mean value of meshing stiffness, Dm is the meshing
damping, 71 and 01 are the base circle radius and rotation angle of driven gear, 72 and 02 are the base
circle radius and rotation angle of the driving gear, 71 and 7> are the reaction torque on driven and
driving gear, respectively. Torsional vibration on the shafts can be expressed as:

AT = KAO + DA O (2)

where K is the torsional stiffness, D is the torsional damping and A9 is the angular displacement difference.

Ring gear at the

planetary stage Pinion at the third

parallel stage

heel at the second
parallel stage

Figure 1. Gearbox in three dimensions.
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A schematic of the drive train is shown in Figure 2, considering the coupling on the generator side as
a part of HSS in the model. Damping has a negligible effect on the mode frequencies and system stability.
Therefore, a linear time invariant mathematical model can be expressed as Equation (3):

JO+KO=T 3)
piniond generator
ring l HSS -
zmonZ
Turbine P
rotor
carrier
wheel 3
IMS2
wheel 1
'\ IMS1

Figure 2. Schematic of the drive train. LSS: low-speed shaft; IMSI: intermediate shaft
between stage 1 and stage 2; IMS2: intermediate shaft between stage 2 and stage 3.

The components in the above matrixes are described by Equation (4), and the stiffness matrix is
shown in Equation (5):

J dlag|: rot’Jcp’J ’JS’JI’JZ’JS’J4’ gen:l
2
J,=J.+3m rbc / cos o
4)
0 I:erot’ cp’ e e1’92’93’94’egcn
T=[T,,.0, o 0,0,000T]
[ K K, 0 0 0 0 0 0 0
-K g 3rbc(Kprr, +Kpsrs)+K,qu 3r,, (Kp = K 7 ) —3rchpsr5 0 0 0 0 0
0 3 (K=K, 1) (K, +K, )r —:‘srprp 7 0 0 0 0 0
0 73Kp5rsz 73rstsrp Ky +3K, s —K s 0 0 0 0
K= 0 0 0 —Kisi Kisi +K1r|2 Kinr 0 0 0 5
0 0 0 0 Knr, Ko + K1 —Kiys 0 0 ( )
0 0 0 0 0 —Kis: Kiys, + Ko nkK, 0
0 0 0 0 0 0 K, Kiss +K,r,’ —Kyss
0 0 0 0 0 0 0 —Kss Kyss |

where Jx is the inertia of drive train components, X € {turbine rotor (rot), carrier and the planet gears
(cp), carrier only (c), sun gear (s), planet (p), generator (gen), parallel gear components (1,2,3,4)}; 0x is
the angular displacement of drive train components; rx is the basic circle radius of gears, and 7+ 1s basic
circle radius of ring gear, 7. is the effective radius of carrier; Ky is the torsional stiffness of shafts,
Y € {LSS, HSS, intermediate shaft between stage 1 and stage 2 (IMS1), intermediate shaft between
stage 2 and stage 3 (IMS2)}; Ki is the meshing stiffness of gear pair, i € {planet and ring (pr), planet and
sun (ps), gear pair in stage 2 in Equation (1), gear pair in stage 3 in Equation (2)}; Taero is the
aerodynamic torque and 7e is the electromagnetic torque; mp is the mass of planet and a is pressure angle
of planet gears.
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Inertia and mass values are from the CAE model while the stiffness and damping values are
estimated according to an experimental method [13,14]. Eigenfrequencies can be derived by K and J.
As shown in Table 2, the mode at 0 Hz corresponds to the kinematic rotation of the system.

Table 2. Eigenfrequencies of the drive train.

Mode Frequency (Hz) Mode Frequency (Hz)
1 0 6 950
2 2.6 7 25233
3 175 8 3370
4 328 9 6782.3
5 920 - -

2.2. Electrical Model

In order to accelerate the simulation speed, the grid is modeled as a voltage source. The transformer
that connects the wind turbine to the grid is not taken into account, and the grid voltage dip is simplified
to the dip at DFIG terminals. The unbalance voltage dips are idealized to single-phase and two-phase
voltage dips with other phases at the rated value.

2.2.1. Generator

DFIG expressions are represented in abe frame for grid fault analysis and written as [15]:

uS = _RSiS + jO)S(pS + dC;ps
o d
—Ri +j(o,—o )o, + % (6)
(pS = _LSiS - Ll’l’lil’
(pr = _Lrir - Lmis

where u is the voltage, R is the resistance, i is the current, s is the synchronous electric speed, ¢ is the
flux linkage, Lm is the mutual inductance between stator and rotor windings. The subscript s and r denote
the stator and rotor quantities. Electromagnetic torque is represented as:

T, =—n L [(iaL, +ighy, + il SN0, + (i, Ly +igh, + i, )sin(6, + 271/ 3)
i +igi +id,)sin(0, —2m/3)] (7)

sA"rc S

+ (i

where np is the number of pole pairs, O: is the electrical angle. The subscript sA, sB, sC denote the
three phase of stator and ra, rb, rc denote the three phase of rotor.

2.2.2. Converter

The IGBT back-to-back converter is modeled as two controlled voltage sources without any
disturbance from the switching noise. A rotor side converter (RSC) is used to provide decoupled control
of the active and reactive power while the grid side converter (GSC) is mainly used to ensure a constant
voltage of DC-link [16]. In this paper, RSC is highlighted for controlling the electromagnetic torque
while the reactive power control is not taken into account.
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Stator-flux orientation is used for the RSC control in which the stator flux is collinear with the d-axis.
The expressions of the electromagnetic torque can be found in [15], and stator reactive power is set to zero.
The rotor current reference value in d-q frame can be resolved:

i :&
rd
Lm
.2 ®)

1 _— %
rq 3 Lm([)s ecmd
where Tecmd 1s the reference signal of electromagnetic torque from wind turbine controller.

Resolving Equation (6), splitting the rotor voltage in d-q components and taking stator flux transients
into account gives:

. di, .
urd = errd + 6Lr d_: - 0‘)slipSLrqu + Erd
. di, . L, )
urq = errq + 6Lr df + wslipaLrlrd + 0‘)slip(ps L_ + Erq
where:
LZ
Oy =0, —0,, d=1-—=
slip s r Ler ( 1 O)
E:, Erq are the counter electromotive force due to the stator flux transients and described as:
L .
Erd =— (usd - Rslsd )
L
(11)

L ,
Erq = L_m(usq - Rslsq - ws(ps)

In normal operation, the diagram of RSC control is depicted in Figure 3, where the decoupling of d-q
control-loops is achieved by adding the feed-forward compensation after the (proportional-integral) PI
controller. Rotor voltage in abc frame is obtained from RSC and used for electromagnetic torque
calculation by Equations (6) and (7). Vac is the voltage of DC-link and used for the modulation of
voltage. The rated value of Ve is 1100 V.
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Figure 3. Decoupled control block diagrams of the rotor side converter (RSC).
DFIG: doubly fed induction generators.
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2.3. Model Integration

The two-mass drive train model in FAST is reduced to a single-mass model by deactivating DOF.
Furthermore, gearbox ratio and generator inertia are set to unity and zero, respectively. In this way,
turbine rotor and tower can be integrated into the subsystem model in MATLAB. Figure 4 shows the
Simulink model of the complete system. Turbine rotor speed is transmitted to the gearbox. The reaction
torque on LSS and mechanical power are then calculated and fed back to FAST. The DFIG rotor is
connected to the grid through converter while the stator is connected directly. Teemd iS obtained by a
look-up table and pitch regulation is activated according to the generator speed [17].
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Yaw Controller Fcn
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wgen Controller
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Controller

Figure 4. Integrated model in MATLAB.
3. Rotor Side Converter (RSC) Control during Voltage Dip

Power system operators have set specific requirements in order to connect wind turbines to the grid
when the voltage at the point of common connection (PCC) suffers a significant drop in a very short
time. The requirements in individual countries might be different [18-20]. The wind turbine needs to
keep operating for 625 ms when the voltage at PCC dips to 20% of the rated value in China [21], as shown
in Figure 5. Only when the voltage goes below the curve, wind turbines are allowed to disconnect.
After the faults are cleared, active power is required to increase at the rate of at least 0.1 pu/s. These
requirements are considered for the operation of single wind turbine in the study cases.

Specific control strategies are essential to avoid over-voltage and over-current scenarios during
LVRT. Particularly, when the voltage dips asymmetrically, negative sequence voltages arise causing
negative sequence currents which produce pulsations in torque, active and reactive power. In order to
assess the impact on drive train in the worst cases, approaches for reducing the negative sequence effect
are ignored. Additionally, crowbar protection and chopper circuit for dc-bus are ignored in the model.
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The voltage dip is roughly divided into the deeper and lower dips without considering the electrical
constraints in this paper. When the voltage dips deeper, the different rising speed of power recovery is
focused and when the voltage dips slower, the controller with and without considering over-current in
practical are compared. These control strategies implemented in MATLAB are described as follows.
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O-O L] i v i ] L I: . 1 ¥ 1
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0.625s
Time fault occured Time (s)
Figure 5. Ride-through fault capability curve required by Chinese grid code. PCC: point of

common connection.

3.1. Deeper Voltage Dip

In order to prevent the rotor over-current that is caused by the excess electrical power not transmitted
to the grid, the output of active power during voltage dip should be decreased and this can be achieved
by the control of decoupled rotor current irq. The stator active power is shown as:

P=——7"U_ (12)

The diagram of the control strategy is described in Figure 6a. The reference value i*q will be hold
once the LVRT signal is detected and the hold value is represented by i*xq n. It leads to the active power
dip during the hold time as well as the electromagnetic torque. Then i*q h will be decreased n times once
the voltage recovers. The factor n is a calculated ratio of positive voltage after and before dip.
In this way, the final reference value i*’rq will be increase at a certain rate (ksiop) after the voltage recovery.
The certain rate is determined mainly from the standpoint of electric devices and power system.
However, the wind turbine dynamic response in the LVRT situation with the immediate power recovery
(without the £siop) 1s analyzed in [7,10]. This diagram of control is described in Figure 6b. For a clearer
description, Figure 7 shows the evolution of i *q along the time.
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Figure 6. Diagram of converter control during deeper voltage dip: (a) power recovery at

a certain speed; and (b) immediate power recovery.
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Figure 7. Evolution of i*q along the time during deeper voltage dip: (a) power recovery at

a certain speed; and (b) immediate power recovery.

3.2. Lower Voltage Dip

If the grid voltage dips with lower amplitude, the reference value of rotor current i *q will depend on
the overload capacity of RSC during the dip time. The control strategies might be the same as shown in
Figure 6 for a weaker converter and then the continuous over-current will be prevented. RSC can also be
controlled as in the ideal state and the behavior of DFIG was analyzed in [8,22].

4. Study Cases and Simulation Results

In order to avoid the impact on the electrical network caused by power loss, wind turbine generation
systems are required to increase the power as soon as possible after the voltage recovery. When a
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two-phase or single-phase fault occurs, the main control object of RSC is to eliminate the negative
sequence in the rotor current and obtain a balanced stator current for the safe operation of RSC and
DFIG, so less attention was previously paid to the effect of the converter control strategies on the drive
train. In addition, the mechanical design for wind turbines also has little consideration for DFIG
excitation. In the cases studied below, the interaction between the electrical control and mechanical
components during voltage dip is analyzed. The dynamic load on HSS is highlighted because it is
vulnerable in practice.

4.1. Rising Speed Effect of Power Recovery

In the simulation, three-phase voltage dips to 0.2 pu at 25 s and lasts for 600 ms. The wind is set to a
constant value of 12 m/s, because a strong wind can lead to a greater impact on wind turbines during
grid faults [10]. It should be noted that electrical constraints and protections are ignored for obtaining
the electromagnetic torque with large oscillation. The GSC works in an ideal state. In this way, the impact
on the drive train can be considered as in the worst situation.

The dynamic response comparisons of electrical variables with the different rising speed of power
recovery are depicted in Figure 8.
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Figure 8. Dynamic response of electrical variables with the different rising speed of active
power recovery: (a) decoupled rotor current ixq; (b) total active power of wind turbine;
and (c¢) electromagnetic torque.

In Figure 8a, it can be seen that the decoupled rotor currents have the same response before the
voltage recovery. The spike due to the sudden voltage drop is obvious and it appears again when the
voltage recovers for the control without &siop. However, it can be avoided if the current rises at a certain
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speed. The current transient can also be reflected in the active power, especially for the immediate
recovery of power, shown in Figure 8b. Thanks to the hold current during the voltage dip, the total
active power is decreased. The current drops to a certain value at the moment of voltage recovery for
increasing the active power, and the rising rate is 157 kW/s when the ksiop equals 150. The overshoot of
pitch regulation leads to a sunken power around 28 s with the faster rising slope (ksiop = 700). The similar
response is presented in electromagnetic torque, as shown in Figure 8c.

The dynamic responses of mechanical variables are shown in Figure 9.
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Figure 9. Dynamic responses of mechanical variables with the different rising speed of active
power recovery. (a) HSS torque; (b) torsional oscillation without 4siop in frequency domain
during 25-33 s; (c) acceleration of tower side-side mode; (d) acceleration of side-side mode
without Asiop 1n frequency domain during 25-33 s; (e) pitch angle; and (f) generator speed.

The aerodynamic torque and the generator torque are applied to the two ends of the drive train,
resulting in a torsion of the shaft. During the voltage dip, as the electrical torque is significantly reduced,
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the drive train acts like a torsion spring that gets untwisted [7], so the difference of angular speed at the
two ends of the drive train will experience large oscillations. According to the Equation (2), an instant
torsional oscillation will be reflected on the shaft torque, as depicted in Figure 9a. Active power
recovers at once leading to the greatest impact on HSS, whereas the oscillation amplitude will be
significantly reduced when a certain slope is applied. And the slower the power increases, the smaller the
oscillation will be. The largest amplitude of oscillation for the smallest siop (150) happens at the lower
torque. This oscillation frequency for the control without Asiop during 25-33 s is shown in Figure 9b.
It indicates that the lower mode eigenfrequency of drive train is easier to excite. It is different from the
second mode in Table 2 because of the flexible turbine rotor considered in FAST. Active power and
generator speed follow the oscillation patterns with the oscillation frequency. The rate of oscillation
decay depends on the shaft torsional damping. It should be pointed out that the dynamic response on
shaft torques under this condition is much different from step wind excitation. Because of the huge rotor
mechanical inertia, the step wind cannot increase the torque abruptly.

Torsional oscillation is closely coupled with the tower side-side mode, and the equations of motion
can be found in [23]. The impact due to the voltage dip can be transmitted to the tower and reflected on
the acceleration which is harmful for the yaw bearing. In Figure 9c, the peak value of acceleration
without the £siop 1s almost twice that with the ksiop, and the Asiop with a smaller value leads to less effect on
the first side-side mode (0.4 Hz) oscillation of the tower, which can be seen clearly during 32—40 s.
Except for the eigenfrequency of the first mode excited, the second eigenfrequency of 3 Hz and
torsional oscillation frequency, shown in Figure 9d, can also be found. The decay of oscillation
depends on the damping ratio of tower side-side mode—1.5 is used in this paper.

Pitch regulation in an emergency can prevent the over-speed, and the pitch angle increases at the
maximum rate of 10°/s when power recovers with ksiop for this model, as shown in Figure 9e. It can be
seen in Figure 9f that generator speed return to the rated value is much slower with the smaller &siop,
however, it probably does not threaten the wind turbine by over-speed compared with the faster power
rise. The slower rising speed of power recovery is a better choice for the wind turbine fatigue, if it is
allowed by the electrical requirements.

4.2. Effect of Different Converter Control during Small Voltage Dip

The small voltage dip usually can not result in the action of crowbar protection, whereas the
over-current threatens the operation of electrical devices. As shown in Figure 10, voltage symmetrically
dips to 0.9 pu and a comparison of the effect of different converter control strategies is performed.

A continuous over-current is caused for the RSC controlled as in ideal state, which maintains the
electromagnetic torque near the rated value and the oscillation with frequency of 50 Hz is the result of
transients of stator flux. The hold rotor current leads to a sag in electromagnetic torque, shown in
Figure 10b. ksiop with the value of 700 is used in this and the next study case.

Figure 10c describes the impact on HSS with and without torque sag, and the fluctuation in normal
operation is mainly caused by the wind shear and tower shadow effect. It can be seen that the control
without torque sag has a small influence on HSS, but the impact is much greater if the electromagnetic
torque is decreased suddenly. The HSS torque can dip approximately to 87% of the rated value in
an instant and the gears will also experience torque sag. If the impact is frequent or severer, it might
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lead to damage to the oil film between gear teeth and result in wear and tear on the tooth surface.
The larger oscillation on the acceleration of tower side-side mode is excited, as depicted in Figure 10d.
Consequently, a tough converter that can sustain the continuous over-current without torque sag during

small voltage dip is favorable for the mechanical loads.
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Figure 10. Comparisons of variables under different converter control strategies during
small voltage dip: (a) decoupled rotor current; (b) electromagnetic torque; (¢) HSS torque;
and (d) acceleration of tower side-side mode.

4.3. Effect of Unbalanced Voltage Dip

Figure 11 shows the evolutions of variables under single-phase and two-phase voltage dip conditions.
20% of the rated value is retained for the dipping phase. Without consideration of a negative sequence
in the RSC control, the larger amplitude oscillation with the frequency of 100 Hz is excited in irq.
And the transient of attenuating oscillation with the frequency of 50 Hz for single-phase voltage dip is
more obvious than the two-phase voltage dip in this work.

These transients lead to the response of electromagnetic torque, shown in Figure 11b. However, the
frequency of 100 Hz is not reflected apparently on the HSS torque due to the torque sag in a very short
time. Comparing with Figure 9a, the maximum HSS torque excursion happens when the three-phase
voltage dips and the effect of the single-phase voltage dip is the smallest. The transmitted loads on
HSS might be amplified if drive train eigenfrequency is close to the 100 Hz under unbalanced

voltage conditions.
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Figure 11. Evolutions of variables during single-phase and two-phase voltage dip:

(a) decoupled rotor current; (b) electromagnetic torque; and (c¢) HSS torque.

As described in Table 2, the second eigenfrequency mainly depends on the flexibility of the rotor and
LSS with the invariant inertias while the higher eigenfrequencies are dominated by the gearbox. In
practice, the coupling is a connection between the output shaft of the gearbox and generator and used for
the misalignment of shafts, but it reduces the effective stiffness of HSS in the drive train model [8].
Figure 12 shows the relationship of the three eigenfrequencies with HSS stiffness and the vertical
coordinate is logarithmic. Kuss should be set to 1 x 107 Nm/rad, if the coupling is not taken into
account. When Kuss equals to 0.9 x 10° Nm/rad, resonance might be excited by the electromagnetic

torque with 100 Hz oscillation.
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Figure 12. Relationship of the eigenfrequencies with HSS stiffness.
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Figure 13 shows the resonance on HSS torque with and without the torque sag control when a
two-phase voltage dips to 0.9 pu at 18 s. In this situation, the voltage unbalance factor is 3.5%, and
electromagnetic torque increases immediately (without ksiop) as seen in Figure 13a. The resonance in
both control strategies has a significant effect on the fatigue life of the gearbox. The “Rainflow Counting”
method [24] is used for evaluating the performance of the two control strategies on gearbox fatigue. The
results for the resonance situation are presented in Table 3. The rainflow cycle counts in large amplitude
oscillation for the control with torque sag are less than without, but the contrary occurs with a small
amplitude. It should be noted that the number of cycles to failure reduce by around 1/50 times when the
stress cycle amplitude increases three times [24]. Therefore, an increased number of low amplitude
stress cycles can be tolerated, if accompanied by a significant decrease in the number of cycles in the high
magnitude region. The control with torque sag is better for the gearbox under the condition of large

oscillation torque caused by the unbalanced voltage dip.
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Figure 13. Resonance effect on HSS torque under small unbalanced voltage dip: (a) control

with generator torque sag; and (b) control without generator torque sag.

Table 3. Rainflow cycle counts.

Amplitude of torque oscillation (Nm) With torque sag Without torque sag

120 2 2
200 1 1
280 30 0
410 1 1
550 1 15
590 1 35

In practice, the voltages of a MV distribution network always exhibit a certain amount of unbalance,
mainly due to the unequal distribution of consumer loads among three phases [6]. This will lead to a steady
state 100 Hz oscillating torque component, the amplitude of which might exert severe influence on the
fatigue life of the gearbox. Under this condition, decreasing the generator torque with small amplitude and
increasing the pitch angle accordingly could be beneficial for the gearbox. Another electric disturbance to
the drive train is the grid voltage distortion of 5-order and 7-order harmonics, which will evolve to the
oscillation component at 300 Hz in the electromagnetic torque. However, its impact on HSS is small and
it is not easy to excite the higher order mode of drive train within the voltage distortion grid allowed.
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5. Conclusions

Symmetrical and unsymmetrical faults have been simulated in this paper, which focuses on the
impact on the drive train due to the different RSC control strategies under grid fault conditions.
The simulation results provide a clear indication of the effects of rising speed of power recovery,
torque sag and drive train resonance from the mechanical point of view.

For the symmetrical faults, no matter what the rising speed of power recovery is, an impact will be
exerted on the drive train at the moment of voltage dip and then transmitted to the tower. However,
the slower power rising leads to a reduction in large amplitude oscillation. Detrimental influence on the
gearbox can be avoided during small voltage dips without torque sag, if over-current and over-voltage
can be handled.

Among the faults, maximum torque transients are caused by symmetrical voltage dips. In the case of
unbalanced faults, a sustained double power frequency (100 Hz) oscillation arises, which will provoke
resonance in the drive train if the mode frequency of the mechanical structure is also around 100 Hz.
The resonance will threaten gearbox fatigue life, especially for high-speed shafts, but it can be mitigated
by decreasing the generator torque to a small amplitude. Furthermore, the multiple of power frequency
should be considered in the mechanical structure.
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Appendix

Table Al. Generator and control parameters. RSC: rotor side converter; GSC: grid side converter.

Generator Parameters Value
R, R (mQ) 7.747, 6.881
L, Ly (mH) 0.226,0.278

Lm (mH) 8.463

Pole pairs 2
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Table Al. Cont.

Converter Control Parameters Value
RSC kpq, ki 0.1,10
RSC kg, kiq 8, 100
GSC kpd, kia 1,10
GSC kpq, kig 1,10
Pitch control parameters Value
Fep-pitch, Ki-pitch 1,03
Time delay due to pitch actuator (s) 0.2
Maximum rate of pitch actuation (deg/s) 10

kpd, kid, kpq, kiq are the PI controller parameters in the decoupled d-q current control loop of RSC and GSC;
kp-piten and kipien are the parameters in PI controller which regulates the rotor speed with the output of

pitch angle.
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