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Abstract: - In order to investigate the impacts of the integration of wind farms into utilities network, it is
necessary to analyze the transient performances of wind turbine generation systems (WTGS) with the
appropriate transient models. According to the grid code requirements for a wind turbine with doubly fed
induction generator (DFIG), the assessments of the impact on the electrical transient performances were
investigated for the doubly fed wind turbine with different representations of wind turbine drive-train dynamics
models, different initial operational conditions and different active crowbar trip time. Firstly, the different
mathematical models of the doubly fed wind turbine were presented, including the electromagnetic transient
models of DFIG, a one-mass lumped model, a two-mass shaft flexible model of the wind turbine drive train
system, and the power decoupling control strategies of the grid-side converter and the rotor-side converter of
DFIG. Secondly, the transient performances of the presented doubly fed wind turbine under a grid fault were
compared and evaluated with different equivalent models, parameters and initial operational conditions. And
thirdly, the effects of the active crowbar on the transient performances of the doubly fed wind turbine were also
investigated, with the possible reasonable trip time of crowbar. The investigation have shown that the transient
performances are closely correlated with the wind turbine drive train models, initial operational conditions, key
parameters of wind turbine, and trip time of the crowbar circuit.
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1 Introduction than other variable speed constant frequency
In recent years, MW-level wind turbines are generators by a number of manufacturers of large
becoming more and more attractive[1,2], as the size wind turl?ines. There are a few.reports investigating
of wind turbine increases, the flexibility associated the transient models and transient performances of
with the wind turbine drive train system also doubly fed wind turbines [5]-[18], however, the
increases, and so also its influence on the electrical transient models are mainly focused on different
transient performance of the wind turbine. In generator mode!s. Fpr gxample, an  8th-order
addition, as the penetration of wind power into generator model is derived in [5]. A 3rd-0rder, 5th-
power system increases, more wind turbines are order anq 8th-order models are.compared in [6] for
needed to be interconnected to the grid in order to the transient performance studies, the results have
make the grid more robust and efficient in case of shown that there may be a few discrepancy with
grid faults. So therefore, increasing levels of the dlfferent. models.. In‘addltlon, the drive train system
grid-connected wind turbine generation system of the wind turbine is usually.used by a simple one-
(WTGS) in the modern power system is mass .lumped model for its _tr.a_nswnt stability
necessitating the need for accurate transient models analysis; however, th? shaft .ﬂex1b1hj[y may become
and transient performances analysis of WTGS[3,4]. more .and more OI?VIOUS Wlth the increase of the
Doubly fed induction generators (DFIG) are capacity of the _Wmd turbine. In order to exactly
popular configurations for large current WTGS. The anglyze th@ transient performances of the dopbly fed
stator of a DFIG is connected to the grid directly wind turbine, it may be needed to consider the
and provides for variable speed operation by using a flexible effect of the wind turbine drive-train shaft
partially rated converter on the rotor side, so it is a system. .
common choice due to its smaller converter capacity In this paper, the assessments of the impact on

the electrical transient performances were
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investigated for the WTGS with different
representations of wind turbine drive-train dynamics
models, different initial operational conditions,
different fault clearing time, and different trip time
of the active crowbar circuit. A two-mass model
taking the drive-train shaft flexibility into account in
the structural dynamics was presented. In order to
compare the transient performances of the WTGS
under the grid fault, the transient responses of a
3MW doubly fed wind turbine were investigated
under super- and sub-synchronous operation during
grid different voltage dips. And then, the effects of
the active crowbar on the transient performances of
the doubly fed wind turbine were also analyzed,
including the possible reasonable trip time of the
active crowbar circuit. Furthermore, the influence of
different parameters of the wind turbine on transient
stability was also studied.

2 Dynamic Models of a Doubly Fed

Wind Turbine
2.1 Models of Drive-train System

blade

P .

Generator rotor

Kie
57

Low-speed shaft High-speed shaf

Fig. 1 Schematic diagram of a wind turbine drive

train system
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(a) a two-mass equivalent model
equivalent model
Fig.2 Schematic diagrams of the one-mass and
two-mass equivalent models of the WTGS

DM

(b) a one-mass

Fig.1 illustrates the main rotor structural
components of a wind turbine namely: blades, hub,
low-speed shaft, gearbox, high-speed shafts and
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generator rotor [7,17]. Modeling of a wind turbine
drive train system is a complex one. According to
the blade element theory, modeling of blade and
shafts needs complex and many computations [9].
Moreover, it also depends on the detailed and
accurate information about the rotor geometry. For
this reason, only the transient event of the wind
generator system is considered, an equivalent lump
mass modeling method of wind turbine system is
normally used. In this method, the model of the
drive-train system can be built to consist of two
masses, i.e. wind turbine mass and generator mass.
The two masses are connected to each other with a
shaft that has a certain stiffness and damping
constant value. Fig.2 (a) shows the schematic
diagrams of a two-mass equivalent model of a wind
turbine drive train system.
The dynamic equation of this model is given as:

2HW d;)tw = TW - KSHS - DS (a)w - a)g) - Dwa)w

do, (1)
do
7; = a)O(a)w a)g)

Where H is the inertia time constant, 7 is torque and
@ is angular speed. Subscripts g and w indicate the
generator and wind turbine quantities, respectively.
The shaft stiffness and damping constant value are
represented in Ky and Ds, w, is the base value of
angular speed. All the quantities are in per unit
value.

In order to make a comparison of the transient
performances of the WTGS with different
equivalent models, the traditional one-mass shaft
lumped model is also presented, which is shown in
Fig. 2(b). The equation for this model is also given
as:

do,,
2HM7 =T,-1,-Dyw, 2
Where H,, is the inertia time constant, D,, is the
damping constant value of turbine. w,, is the angular
speed of generator. In this model the angular speed
of turbine is equal to the angular speed of generator.

2.2 Control Strategy of Grid-side Converter

A vector-control approach is used with a reference
frame oriented along the grid voltage vector position,
enabling independent control of the active and
reactive power flow between the grid and the grid-
side converter. In the PWM voltage source
converter, the d-axis current can be used to regulate
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the DC-link voltage, and the g-axis current can be
used to regulate the reactive power, which can be
seen in Fig.3.

Taer Lacg Inductor Grid/
T ] Transformer
Ly R, iy
T
u,| =C A e
& i
[ -

Fig.3 Schematic diagram of a grid-side converter
connected to the grid/transformer

Fig.3 shows the schematic diagram of the grid-
side PWM voltage source converter, where uy,,. are
the three-phase grid voltages, ug. are the three-
phase grid-side converter voltages, ig,, igs, igc are the
three-phase grid-side converter currents, R, and L,
are the inductor resistance and inductance, iy, o
are the grid-side and rotor-side DC currents, C is the
DC-link capacitor.

The voltage balance equation of the grid-side
converter can be expressed as:

uga lga lga ugca
Uy | =R,| Iy, +Lg5 Iy || Uges 3)
ugc lgc lgc ugcc

By using the abc-to-dq transformation matrix,
the following equation can be given:

. digd .
Uy =Ryiy+L, i — Lyl +uyy 4
: 4)
i
— ; 849 .
Uy, —Rgzgq +Lg , +a)enggd iy,

where ugy, g, are the grid voltages in d-and g-axis,
Uged, Ugeq are the grid-side converter voltages in d-
and g-axis, iy, I, are the grid-side converter
currents in d-and g-axis, w, is the electrical angular
velocity of the grid voltage.

Neglecting the switch losses of the converter,
the following equations can be obtained [16,18].

3
udcldcg - Eugdlgd
m
u, ,6 =—u
d de
“op® ®)
3 .
ld% _Zmlgd
M _y
— Ydecg der
dt

where m is the PWM modulation depth of the grid-
side converter.
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From the above equations, it can be seen that the
currents iy, and i,, can be regulated by using u,.; and
Ug.q respectively. The control scheme utilises current
control loops by i, and ig, the i, reference value
can be derived from the DC-link voltage error. In
addition, the i,, reference determines the reactive
power flow between the grid and the grid-side
converter. Usually the i,, reference value can be set
to zero, which ensures zero reactive power exchange
between the grid and the grid-side converter.

A vector-control scheme for the grid-side PWM
voltage source converter is shown in Fig.4, where
u

qcabe TEPresents the reference values of the three-

g A€ the
reference values of the grid-side converter voltages

. . *
phase grid-side converter voltages, u,.,,u

M/

Uge rer ¥ : ’:w ”iu/
— Q- Q- r ]
i . Uy,
N 4’®7+ 7 { P |

log

Fig. 4 Scheme of grid-side PWM converter control

ok

. . K
in d-and g-axis, Lyislg,

the grid-side converter currents in d-and g-axis.

are the reference values of

2.3 Control Strategy of Rotor-side Converter
In order to analyze the transient performances of a
wind turbine generator, a mathematical model
including electromagnetic transients both in the
stator and the rotor circuits of DFIG is usually used.
According to a standard per-unit notation in a
reference frame rotating at synchronous speed and a
motor convention, the transient models of a grid-
connected DFIG can be represented by the detailed
differential equations of the flux linkages [11,12]

dy

_ . sd_
Uy = Rslsd + a)s,//sq

(6)

Issue 11, Volume 10, November 2011



WSEAS TRANSACTIONS on CIRCUITS and SYSTEMS

The equations of flux linkage can be given as :
l//sd = Lsisd + Lmi;~d
(//sq = Lsisq + Lmirq (7)
lr//rd = Lrird + Lmisd

l//l‘q = Ll‘l.l‘q + Lmivq

Where w, is the synchronous speed ; u, w, i, R, L are
the voltage, flux linkage, current, resistance and

inductance ; L, is the mutual inductance between

rotor and stator ; subscript s, r indicate the stator
and rotor of electric machine, respectively; subscript
d, q indicate the d, ¢ components, respectively; s is
slip ratio of DFIG.

The stator active and reactive power of a DFIG
can be given as:

+Zztsqlsq)

Qs :%( sq .sd _usdisq)

In order to implement the active and reactive
power decoupling control, the stator voltage can be
oriented, that is u,=Uj, u,,~0.

The stator active and reactive power can be further
obtained as

k= % (usdisd

S

®)

3L.U

— m~ s"rd

2L

3 U2 UsLmirq
- S 4+
2l L, L,

s

€)
0=

The electromagnetic torque of a DFIG can be

also given as :

T =—n,,ﬁsﬁsxzi =—n,,5wvi,d (10)

e
S S

Fig.5 shows a vector-control scheme for the rotor-

side PWM voltage source converter, where u

abcr

represents the reference values of the three-phase

* *
rotor voltages, u,,,u,, are the reference values of

q
Sk

*
rd’qu

the rotor voltages in d-and g-axis, i are the

reference values of the rotor currents in d-and g-
axis. The stator active and reactive power can be
controlled by regulating the d-, g-axis components
of the rotor current. The compensated voltage
equations can be shown as [12]

A,y = Ri,y —so,(Li, +L,i,) "
Aurq = Rrirq TS50, (Lrird T L’”iSd) .
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3 Transient Simulation of Doubly Fed
Wind Turbine with Different

Models

Fig.6 shows the schematic diagram of a doubly fed
wind turbine connected to the grid. In the following
simulation, the input mechanical torque from wind
energy can be kept at constant value during a grid
voltage drop, which means the pitch control system
can not be in action during the electrical transient. In
addition, the rotor-side converter is assumed to ride
through the fault current even though for a thee-
phase short-circuit fault at the stator terminals of
DFIG. The main parameters of a 3MW doubly fed
wind turbine system are shown in Table 1.

In order to show and compare the effects of the
different drive-train models on the transient
performances, the transient performances are
simulated for the doubly fed wind turbine with
different grid voltage drops and different initial
generator speeds. The following cases are
investigated for 40% and 80% grid voltage drops
under a super-synchronous and sub-synchronous
generator speed, respectively.

-
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Fig. 5 Block diagram of active and reactive power
decoupling control for the rotor-side converter
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Fig.6 Control diagram of a grid connected
doubly fed wind turbine

Table 1 Main parameters of a 3MW doubly fed
wind turbine system

Main parameters Value
Wind turbine
Per unit inertia constant of hub H,, (s) 4.54
Torsional stiffness of low-speed shaft 0.3
K, (p.u./el.rad) )
DFIG
Normal power base (MW) 3
Voltage base Uy (V) 690
Stator resistance R; (p.u.) 0.0071
Rotor resistance R, (p.u.) 0.005
Stator leakage inductance X, (p.u.) 0.171
Rotor leakage inductance X, (p.u.) 0.1791
Mutual inductance X, (p.u.) 29
Per unit inertia constant of generator

0.5
H, (s)

3.1 40% Voltage Dip under Super-

synchronous Operation

In this case, the symmetrical three-phase stator
voltage drops 40% at t=0.05s, and at t=0.15s the
voltage is restored to its pre-sag value. Before the
grid fault occurs, the generator rotor speed is set to
be 1.2 p.u..
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Fig. 7 Transient responses of 40% voltage drop

under the super-synchronous operation

Fig.7 shows the transient behaviors under this
case. As it can be seen from Fig.7(a) that the active
power has a larger oscillation during the post-fault
with the two-mass model in comparison with one-
mass model of the wind turbine drive train. The
results have shown that the maximal active power
reaches about 1.1p.u. using the two-mass model
when the grid voltage fault is cleared, however, this
value is only 0.85p.u. by using the one-mass model.
In addition, the reactive power is rarely affected by
using different drive train models. As it can be seen
from Fig.7(c) that the rotor speed of DFIG has a
larger oscillation during the post-fault for the two-
mass model in comparison with the one-mass model.
The maximal angular speed can reach about
1.219p.u. considering a two-mass model when the
grid voltage fault is cleared, however, this value is
only 1.203p.u. with the one-mass model. The
angular speed keeps oscillating until t=3.5s by using
the two-mass model, however, at t=0.25s the
angular speed keeps its pre-sag value by using the
one-mass model. Furthermore, it can be also seen
that the torsional torque has a large oscillation by
using a two-mass model.
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3.2 40% Voltage Dip under Sub-synchronous
Operation

In this case, the symmetrical three-phase stator
voltage drops 40% at t=0.05s, and at t=0.15s the
voltage is restored to its pre-sag value. Before the
grid fault occurs, the generator rotor speed is set to
be 0.87 p.u..

As it can be seen from Fig.8(a) and Fig.8(b), the
active power and reactive power are rarely affected
by using different drive train models. In addition, as
it can be also seen from Fig.8(c) and Fig.8(d), the
angular speed of rotor and the torsional torque have
a larger oscillation during the post-fault by using the
two-mass model in comparison with a one-mass
model. The results have shown the angular speed
and the torsional torque keep oscillating until t=11s
by using the two-mass model when the grid voltage
fault is cleared, however, at t=0.25s the angular
speed keeps its pre-sag value by using the one-mass
model.
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Fig. 8 Transient responses of 40% voltage drop
under the sub-synchronous operation

3.3 80% Voltage under
synchronous Operation

In this case, the symmetrical three-phase stator
voltage drops 80% at t=0.05s, and at t=0.15s the
voltage is restored to its pre-sag value. Before the
grid fault occurs, the generator rotor speed is set to
be 1.2 p.u..
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Fig.9 Transient responses of 80% voltage drop
under the super-synchronous operation

As it can be seen from Fig.9(a), the active power
has a larger oscillation during the post-fault by using
the two-mass model in comparison with a one-mass
model. The results have shown that the maximal
active power can reach about 1.1p.u. by using a two-
mass model when the grid voltage fault is cleared,
however, this value is only 0.85p.u. by using one-
mass model. The second peak value of the active
power is 0.915p.u. by using a two-mass model
during the post-fault, however, this value is only
0.707p.u. for the case voltage drops 40% in Fig.7(a).
As it can be also seen from Fig.9(c) that the
maximal angular speed can reach about 1.24p.u. by
using a two-mass model when the grid voltage fault
is cleared, which is larger than the value of the case
voltage drops 40%. In addition, at t=3.5s the rotor
speed can not be kept steady. Furthermore, as it can
be seen in Fig.9(d) that the maximal torsional torque
is -0.2p.u., this value is -0.48p.u. for the case
voltage drops 40% Fig.7(d).

Therefore, it can be seen from the above several
comparisons that it is necessary to use a two-mass
drive train model for correctly analyzing the
transient performance of the doubly fed wind
turbine. The level of grid voltage drop, and different
initial rotor speed condition have an important
impact on the transient performances of the doubly
fed wind turbine, especially for the higher level of
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grid voltage drop and the super-synchronous speed
condition.

4 Transient Responses of Doubly Fed
Wind Turbine with Different

Parameters
In order to further analyze the effects of the wind
turbine drive train shaft flexibility on the transient
performance of the doubly fed wind turbine, based
on the presented two-mass model of the wind
turbine drive train, the transient responses are
investigated with different shaft flexibility and
inertia constant of turbine and generator. In the
following simulation, the grid fault condition is
assumed to be the same as 3.3.
Case-I: Simulation on different shaft flexibilities
The objective of this case is to present the effect
of the shaft stiffness on the transient performances
of the doubly fed wind turbine. Simulation is
performed by using 3 values of 10, 5 and 0.3 for
shaft stiffness constant, respectively. The transient
responses of the active power and the rotor speed
with different shaft flexibilities are shown in Fig. 10.
As it can be seen that the transient behaviors are
closely dependent on the shaft stiffness constant by
using the two-mass model. The active power and the
angular speed response occur much higher
oscillation amplitude and lower oscillation
frequency when the smaller K; value is used, it also
need longer time to restore steady state after the grid
fault is cleared. Thus, the results have shown that: as
the stiffness constant decreases, the torsion
frequency becomes lower and the shaft flexibility
becomes larger, the influence of the shaft stiffness
on transient performances of the doubly fed wind
turbine becomes more and more obvious.
Case-11: Simulation on different inertia constants
The objective of this case is to present the effect
of different inertia constants on the transient
performances of the doubly fed wind turbine.
Assumed the shaft stiffness is a constant, viz., K,
=0.3, the flowing simulation is performed by using 4
values for total inertia constants and 3 different
H,/H, values of the WTGS, respectively. The
responses of the rotor speed are shown as Fig.11(a)-

(b).
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Fig. 10 Transient responses of a doubly fed wind
turbine with different stiffness constants
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Fig. 11 Transient responses of a doubly fed wind
turbine with different inertia constants

As it can be seen that the transient performances
are also closely correlated to the inertia constant of
the wind turbine and the generator. Either H,, or H,
is increased by 50%, the oscillation amplitude of the
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rotor speed can be decreased, however, the
oscillation amplitude can be more significantly
decreased with the 50% increase of H, as compared
with the 50% increase of H,,. When both the H,, and
H, are increased by 50%, the rotor speed oscillation
can be reduced obviously. In addition, assumed the
total inertia of the WTGS is a constant, viz.,
(H,,+Hy)=4.54s, it can be also seen that the transient
performances are dependent on the inertia constant
ratio of the wind turbine and the generator H,/H,, it
can be concluded that with the increase of the inertia
constant ratio, the oscillation amplitude of the rotor
speed can be also increased obviously.

5 Transient Responses of Doubly fed
Wind Turbine with an Active

Crowbar
In order to show the effects of the active crowbar on
the transient performances of the doubly fed wind
turbine, the transient performances are investigated
with different trip time of the active crowbar circuit.
Fig. 12 shows a schematic of a crowbar protection
with three-phase AC switch and bypass resistor.

Rotor-side
PWM
converter

Fig. 12 Schematic diagram of a crowbar protect
circuit with three-phase AC switch and bypass
resistor

Case-I: In this case, the transient responses of the
doubly fed wind turbine under 80% voltage drop are
simulated by using the presented two-mass model.
Before the grid fault occurs, the generator rotor
speed is set to be 1.2p.u.. The symmetrical three-
phase stator voltage drops 80% at t=0.2s, and at
t=0.35s the voltage is restored to its pre-sag value.
The crowbar circuit switches in when the grid fault
is occurred, and simultaneously the rotor-side
converter is closed and the grid-side converter is
also in operation. After the grid fault is cleared, the
crowbar circuit switch out and the rotor-side
converter restart to work. The transient
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performances of the doubly fed wind turbine with
the active crowbar are shown in Fig. 13.
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Fig. 13 Transient responses when the stator voltage
drops 80% and the crowbar circuit trips at 0.35s

As it can be seen from Fig.13 that when the

crowbar circuit is tripped at 0.35s, the rotor current
is 3.7p.u. which exceeds the threshold value, and the
rotor voltage also exceeds the threshold value after
the grid fault is cleared. The maximum value of dc-
link voltage is about 1.32p.u..
Case-II: 1n this case, the transient responses of the
doubly fed wind turbine under 80% voltage drops
are also simulated. But the active crowbar circuit
trips at t=0.5s, that is to say, the crowbar circuit will
continue to work for 0.15s after the gird fault is
cleared. The transient performances of the doubly
fed wind turbine with the active crowbar are shown
in Fig. 14.

As it can be seen from Fig.14 that when the
crowbar circuit trips at 0.5s, the dc capacitor
voltages, the rotor current do not exceed the
threshold value. Furthermore, the results have
shown that there is much smaller oscillation of the
transient performances as compared with the case L.
Thus, it is necessary to select the appropriate trip
time of the crowbar circuit to reduce the oscillation
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and improve the transient stability of the doubly fed
wind turbine.

Ur/pu

115 é 215 3
t/s
Fig. 14 Transient responses when the stator voltage

drops 80% and the crowbar circuit trips at 0.5s

0.5 1

6 Conclusions

In order to investigate the transient performances of
a doubly fed wind turbine with the appropriate
transient models, a one-mass lumped model and a
two-mass shaft flexible model of the wind turbine
drive train system are presented. Based on the
control strategies of the grid-side converter and the
rotor-side converter of DFIG, the transient
behaviors are simulated and compared by using
different drive train models, under the conditions of
different voltage sags and different generator initial
speed. The simulation results have shown the wind
turbines system model incorporating a two-mass
drive train shaft model is important to analyze
exactly the transient performance of the doubly fed
wind turbine, the level of grid voltage drop and
different initial rotor speed condition have an
important impact on the transient performances of
the doubly fed wind turbine, especially for the
higher level of grid voltage drop and the super-
synchronous speed condition. In accordance to the
two-mass model with the more flexibility of the
drive train, with the decrease of the total inertia
constant or with the increase of the inertia constant
ratio, the transient performances may cause larger
oscillation, and maybe result into the unstable
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operation of WTGS. Furthermore, the trip time of
the active crowbar circuit also has an important
influence on the transient behaviors, after the grid
fault is cleared, the crowbar circuit continues to
work a long time, which can be helpful to improve
the low voltage ride-through ability. The results of
the investigation of the transient models and the
transient performances of the doubly fed wind
turbine will provide a good technical support to the
transient impacts of the integration of wind farms
into utilities network in the future.
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