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Abstract—This paper presents a ride-through simulation study
of a 2-MW wind-power doubly fed induction generator (DFIG)
under a short-term unsymmetrical network disturbance. The
DFIG is represented by an analytical two-axis model with constant
lumped parameters and by a finite element method (FEM)-based
model. The model of the DFIG is coupled with the model of the
active crowbar protected and direct torque controlled (DTC) fre-
quency converter, the model of the main transformer, and a simple
model of the grid. The simulation results show the ride-through
capability of the studied doubly fed wind-power generator. The
results obtained by means of an analytical model and FEM model
are compared in order to reveal the influence of the different mod-
eling approaches on the short-term transient simulation accuracy.

Index Terms—Active crowbar, direct torque control (DTC),
doubly fed induction generator (DFIG), modeling, unsymmetrical
disturbance, variable speed wind turbine.

1. INTRODUCTION

HE VARIABLE speed wind turbines with doubly fed in-

duction generators (DFIG) are nowadays becoming more
widely used in wind power generation. Due to the increase of
the number of the wind turbines connected to the grid, new grid
codes have been issued that require ride-through capability of
the wind-power generation system. Instead of disconnection, the
wind generators have to support the network during the power
disturbances in the network [1], [2]. Therefore, it is necessary to
carry out accurate transient simulations in order to understand
the impact of the power system disturbances on a wind turbine
operation.

In the recent years, the ride-through analysis of the DFIG
wind turbine under network disturbance has become an inten-
sively studied problem. The low-voltage ride-through analysis
of the 2-MW Vestas VBOVCS wind turbine has been presented
in [3]. This paper shows the ability of the ride-through during
the 50% voltage dip without using the crowbar. This paper also
shows that mechanical model of the wind turbine could be ne-
glected because it affects the transient behavior of DFIG mini-
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mally as it has been also stated in [4]. A theoretical ride-through
study of the DFIG wind generator under three-phase network
fault is presented in [5], where the crowbar is used in order to
protect the rotor-side converter and rotor of the generator.

Most of the DFIG wind generators transient studies have been
focused on the voltage dip analyses due to symmetrical three-
phase network fault [6]-[9]. These kinds of faults, however,
are very seldom. Single and two-phase earth faults are more
common. Moreover, two-phase faults are more demanding for
a DFIG than symmetrical three-phase faults. Thus, more re-
search about unsymmetrical fault ride-through performance is
required.

Most DFIG wind turbine models that are used in transient
analyses represent the generator by means of a two-axis model
with constant lumped parameters [3], [S]-[10]. A model of
DFIG that takes into account the equivalent circuit parameter
variation was presented in [11].

A significant part of the wind turbine model is the model of
a frequency converter that supplies the rotor of the DFIG. As it
was stated in [12], the converter is found to be the most sensitive
part of the wind turbine when subjected to a short-circuit fault
in the grid.

The control of a frequency converter is usually based on field-
oriented control as shown in [13], but also, the modified direct
torque control (DTC) could be used as presented in [14]. The
frequency converters are usually equipped with a rotor over-
current protection circuit that is commonly called crowbar [15].
The crowbar protects the rotor-side frequency converter against
the high rotor current transient that DFIG generates during the
disturbance.

This paper presents a ride-through simulation study of a
2-MW wind-power DFIG under a short-term unsymmetrical
network disturbance. The mechanical part of the wind turbine
is omitted, and reference torque and rotor speed is considered to
be constant. The DFIG is represented by an analytical two-axis
model with constant lumped parameters and by a finite element
method (FEM)-based model [16]. The model of the DFIG is
coupled with the model of the active crowbar protected and
DTC controlled frequency converter, the model of the main
transformer, and a simple model of the grid. The simulation
model has been experimentally verified by full-scale measure-
ment setup, as it shown in [17].

The overall structure of the investigated system is depicted in
Fig. 1. The simulation results show the ride-through capability
of the proposed doubly fed wind-power generator. The results
obtained by means of an analytical model and FEM model of
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Fig. 1. Overall structure of the DFIG wind turbine.

DFIG are compared in order to reveal the influence of the dif-
ferent modeling approaches on the short-term transient simu-
lation accuracy. The detailed specifications of the DFIG wind
generator parameters used in this paper were presented in [17].

II. METHOD OF MODELING

A. Equivalent Circuit-Based Analytical Model of DFIG

The machine equations written in an x — y reference frame
fixed with rotor are

dws_ac L,
dt =0s <m'l/}s_m - 'l/}v’_m> - pwr")[}s_y + Vs_x (1)
dips_ L,
dt L = gs <m'l/}s_y - 'l/}r_y> - pwr'l/}s_a: + Vs_y (2)
d’l/)»,‘_x _ Lm
7 =O0R <l/}r_z - L_Sl/}s_m> + Ur_x (3)
dip,_ Ly,
g Yy _ OR <¢r-y - L_qus_y) + Vr_y 4)
where
Rl _ R.L
78 T Tmkm — LoLy %7 LIy — Lo L,
L, L,
lg_p = rx— 7 Vsx 5
T L — LoL, <1/’ .Y > ®)
L, L,
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3 . .
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The symbols s, %, denote the stator and rotor currents, re-
spectively, vs, v, stator and rotor voltages, and 1), 1,- stator and
rotor flux linkages in two axis rotational (x —y) reference frame.
R, R, are stator and rotor resistances, and Lg, L,, L,, are
stator, rotor inductances, and magnetizing inductance, respec-
tively. The rotor speed is denoted as w,.. Symbol p represents the
number of pole-pairs, and 7, is the electromagnetic torque. The
rotor speed is considered to be a constant, and thus, the equa-
tion of motion is omitted as well as the model of the wind turbine
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TABLE 1
PARAMETERS OF THE DFIG

Py rated power 1.7MW

Uns rated stator voltage 690 V (delta)

Unax,r Maximum rotor voltage 2472 (star)

N rated stator frequency 50 Hz

ny nominal speed 1500 rpm
/_ ] rot

U ic _rej
“ k‘\ Pl 1 Lo < 1 J’ Uy,
J l+7,z" Co
Udc __/

Fig. 2. Simplified model of the network-side converter.

mechanical part because the turbine speed behavior has no sig-
nificant influence on the electrical system performance [3], [4]
in case of short-term stability investigations.

B. Finite Element Model of DFIG

The magnetic field in the generator is modeled by two-dimen-
sional finite element analysis and coupled with the voltage equa-
tions of the windings [18].

The FEM computation is implemented as a functional block
in Matlab-Simulink using dynamically linked program code
(S-function). Voltages of the phase windings in stator and rotor
are given as input variables, and the phase currents, electromag-
netic torque, rotational speed, rotor position, and flux linkages
in stator and rotor are obtained as output variables.

In time-stepping simulation, the FEM computation is coupled
with Matlab-Simulink by an indirect procedure [19]. The finite
element mesh of the DFIG covers one quarter of the cross sec-
tion, comprising 949 nodes and 1848 linear triangular elements.
The parameters of the DFIG are presented in Table I.

C. Network-Side Converter Model

The network-side converter is represented in simulation by a
simplified model, as it is shown in Fig. 2.

The dynamics of the network-side converter are represented
in simulator by discrete transfer function, where 75 denotes the
time constant of the first-order discrete filter. The switching dy-
namics and active and reactive power control are omitted due
to the fact that this simplification will not affect significantly
the accuracy of the calculated dc-link voltage value [17] that is
monitored, and it determines whether or not the crowbar should
be activated in the event of the grid fault.

The symbols I,.,; and I,,.; denote the currents flowing be-
tween the dc-link and the rotor-side converter and the dc-link
and network-side converter, respectively. The aim of the net-
work-side converter is to supply the dc-link and maintain the
level of dc-link voltage Uy. on a preset value. Uy, is in simu-
lator controlled by PI controller with limiter. The dc-current of
the network-side converter I,,.; is limited according to the net-
work voltage magnitude, thus taking into account the ac-current
limit of the actual converter.
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D. Rotor-Side Converter Model

The rotor-side converter is supplied from a common dc-link,
and the switches are assumed to be ideal. The rotor-side fre-
quency converter is controlled by a modified DTC strategy [14].

The magnitude of the rotor flux estimate |¢),| is obtained as

[0 = /()2 + (Ghy)?

where symbols 1/3,,_96 and 1/37,_3, denote the estimated rotor fluxes
in the two axis reference frame fixed to the rotor. The rotor flux
estimates are

(10)

5 Ly, - L.L,— L2, .
l/}'r‘_m - Elljsx_r + TWm (11)
5 Ly, - L.L,— L2, .
Ilvb’r‘_y = E’lljsy_r + T'Lry (12)

where i,.,, 4,, denote the rotor current components in the two-
axis rotational reference frame, and 1/351_7,, dAij_,« denote the =
and y components of the stator flux vector estimates in the ro-
tational frame. L,,, Ls, L, are magnetizing, stator ,and rotor
inductances of DFIG, respectively.

The stator flux estimates are obtained by integration of the
measured stator voltage after subtraction of the resistive voltage
drop of the stator winding. The estimated stator flux is then
transformed by a rotator from two-axis stator coordinates to the
two-axis rotor coordination system. The magnitude of the grid
flux estimate that is used in control for synchronization of DFIG
with network is calculated in torque and flux estimator by in-
tegrating the measured line-to-line stator voltages transformed
into two-axis reference frame. The estimate of electromagnetic
torque that is an input of the three-level hysteresis comparator
is given by

2

e = gp%(d}r_zd)sy_r - 1/}r_y¢s:r_r)~ (13)
The reference values of the electromagnetic torque T, ,..; as
well as rotational speed w, are considered to be constant.

The modulus of the desired rotor flux command |4, .. s| ob-
tained from the reference flux calculator as function of the de-
sired reactive power (). 7, given torque command 7'e_re f, elec-
trical frequency of the DFIG stator side we, and grid flux esti-
mate |1/1gr,;,1| is given as in (14), shown at the bottom of the page.

The torque and flux hysteresis comparators provide logical
output that is used together with the flux sector identification
for switching pattern establishment defined by switching state
logic. When the switching pattern is established, a voltage
vector is applied to the rotor, and this voltage will change the

rotor flux. The optimal switching frequency fs,, is maintained
by means of the hysteresis band control. The block structure of
the modified DTC is depicted in Fig. 3.

E. Active Crowbar

The active crowbar is connected between the rotor of DFIG
and rotor-side inverter, as it is depicted in Fig. 3. In contrast to
the conventional crowbar, the active crowbar is fully control-
lable.

A typical ride-through sequence [20] starts when the grid
voltage decreases rapidly to a low level. This causes high cur-
rent transients both in the generator stator and rotor. If either
the rotor current or dc-link voltage levels exceed their limits,
the IGBTs of the rotor-side inverter are blocked, and the active
crowbar is turned on.

The crowbar resistor voltage and the dc-link voltage are mon-
itored during the crowbar operation. When these both voltages
are low enough, the crowbar is turned off. After a short delay,
for the rotor currents decay, the rotor-side inverter is restarted,
and the reactive current component of the generator is ramped
up in order to support the grid.

Naturally, the crowbar will be turned on again if a too-high
rotor current or dc-link voltage is encountered after the turn off
of the crowbar. This is often the case with severe two-phase
faults that have a high negative-sequence voltage component in
the stator. The negative sequence component has a high rotor
slip (s ~ 2). Thus, very high voltages are induced in the rotor
windings that make it impossible to control the rotor current
with the available dc-link voltage. Thus, for the most severe un-
symmetrical grid faults, the rotor-side inverter cannot be started
before the fault has been cleared.

FE. Modeling of the Network, Transformer,
and Transmission Line

A simple model represents the network with a three-phase
voltage source in series with a short-circuit inductance and re-
sistance.

The transmission line between the network and transformer
is modeled with its resistance, inductance, and capacitance by a
m-equivalent circuit.

The transformer model contains a short-circuit resistance and
inductance and stray capacitance of the winding. The trans-
former is considered to be linear, i.e., magnetic saturation has
not been taken into account. A more detailed description of the
network, transformer, and transmission line model that has been
used in this paper is presented in [17].

III. SIMULATION RESULTS AND DISCUSSION

The simulation analysis was carried out in the Matlab-
Simulink system simulator. The system simulator was running

(LSL’I‘ - L?—n) Te_ref
Lm |7/}gm'd|

|r¢)7‘_ref| =

L, -
T [grial +

(LSL’I‘ - L12n) Qref

weLm |1/;grid|

(14)
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Fig. 3. Block structure of the rotor-side frequency converter controlled by modifi

with the time step At = 50 ns, and the forward Euler method
has been used. The simulation results are presented in per-unit
system with the base values corresponding to the amplitudes
of the respective quantities Viase = 563 V, Thase = 2.03 kA,
and T}a.se = 10.9 kNm. The turns ratio from rotor to stator is
t. = 3.6.

A. Synchronization of DFIG and Steady-State Operation

In the first sequence of simulation, the rotor-side converter
is started and the DFIG is connected and synchronized with the
network. After 2.5 s, the rotor-side converter starts to control the
DFIG in torque control mode. The reference torque is set to the
required value T'e .y = 0.79 p.u. at the constant rotor speed
w, = 1.1732 p.u.

B. Transient Behavior of DFIG During an Unsymmetrical
Grid Disturbance

The network disturbance is introduced at time 5 s, when the
stator voltages in phases A and C are decreased down to about
56% of the nominal value. The fault is cleared at the time instant
5.7 s, as it is depicted in Fig. 4.

The dc-link voltage in Fig. 5 rises up to 0.6 p.u. at the time
instant 5.03 s and exceeds the crowbar triggering limit value.
The reason for the dc-link voltage rise in the beginning of the
transient is the converters inability to deal with the high inrush
current coming from the rotor. The dc-link voltage is decreased
and remains stable during the crowbar operation until time in-
stant 5.3 s, when the frequency converter is started again and
operates in a reactive power control mode. During this opera-
tional mode, the rotor-side converter supports the network with
reactive power until time instant 5.7 s, when the fault is cleared
and the reference value of the reactive power is set to zero. At the
time instance 5.8 s, the rotor-side frequency converter is started
to operate in torque control mode.

ed DTC with active crowbar.

Fig. 6 depicts the stator currents during the grid disturbance.
At the time instant 5.03 s, the high transient current of about
1.75 p.u. is present in phase A and about 1.4 p.u. in phase C.
The transient current in phase B that is not under fault is around
the rated value. The high currents are reduced in 10 ms by the
crowbar down to 0.2 p.u. The frequency converter restarts at
time 5.3 s and, after a small transient, starts to operate in a reac-
tive power control mode. The stator current rises up to about 0.8
p.u. until the time instant 5.7 s, when the fault is cleared. The
reference reactive power value at the same time instant is set to
zero. A 100-ms delay is applied, after which the reference torque
is ramped up, and beyond 5.9 s, the amplitude of the stator cur-
rent corresponds to the demanded torque reference.

Fig. 7 shows the rotor currents during the grid disturbance.
A high transient current is present at time 5.03 in phase B with
a peak value about 1.7 p.u. and in phase C with a peak value
about 2 p.u. The current of a phase A is about 1 p.u. During the
crowbar operation, all three currents are kept at low values. The
rotor current rises while the frequency converter works in the
reactive power control mode after 5.3 s. At time instant 5.7 s,
the fault is cleared and the torque is ramped up. The amplitude
of the rotor current after 5.9 s is about 1 p.u.

Fig. 8 shows the electromagnetic torque during the grid dis-
turbance. At the time instant 5.03 s, torque rises in the nega-
tive direction and its peak value is about —1.3 p.u. During the
crowbar operation, the torque is rather smooth with small rip-
ples present.

The amplitude of the torque ripples rises while the frequency
converter works in the reactive power control mode after 5.3 s.
At the time instant 5.73 s, a quite high ripple is observed due
to a transient caused by clearing of the grid fault. At the 5.8
s, the reference torque is ramped up and the electromagnetic
torque reaches the demanded value; however, it still oscillates
and becomes stabilized after approximately one second.
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Fig.5. Dc-link voltage (dash) and filtered grid voltage magnitude (solid) during
a grid disturbance.

Fig. 6. Stator line current during a grid disturbance.

Fig. 9 shows average active power Py, and average reactive
power Qge,, Of the generator, respectively. The average value
of the reactive power was calculated by using the 90° delayed
voltage method according to

T

Pyen :% / w(t)i(t)dt (15)
0
L

Qgen :% /u <t - %) i(t)dt (16)
0

Here, the symbols %, u denote the stator phase voltage and
line current space vectors, respectively. It is important to note,
however, that depending on the used algorithm for the calcula-
tion of the average value of the reactive power, the results may

5L I I 1 1 | 1 1 | 1
5 51 52 5.3 54 55 56 57 58 59
t[s]

Fig. 8. Electromagnetic torque during grid disturbance.
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Fig. 9. Active and reactive power of the generator during grid disturbance.

differ substantially in case of an unsymmetrical supply. A com-
parison of several algorithms has been presented in [21]. The fu-
ture second edition of the IEC 61400-21 standard is expected to
define the calculation method used for unsymmetrical dip tests
of the wind turbines.

The active power drops rapidly down to zero when the fault is
introduced, while the reactive power rises shortly to a value of
about 0.35 p.u. At the time instance 5.05 s, after the crowbar
is triggered and frequency converter is disconnected, the ac-
tive power is close to zero, and the reactive power is about
—0.2 p.u. Between the time instances 5.05-5.3 s, DFIG behaves
as three-phase inductor due to disconnection of the rotor supply
and thus consumes reactive power for magnetization. After the
time 5.3 s, the frequency converter is restarted and DFIG sup-
ports the network with reactive power, demanded value of which
is 0.35 p.u. At time instant 5.73 s after the clearance of the fault,
the active power rises up for a while but returns to zero, while
the reactive power is ramped down to the zero. After a 0.1 s
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delay, the active power is ramped up to the value corresponding
to the preset value of the electromagnetic torque, and the reac-
tive power is controlled to be zero.

C. Comparison of the Simulation Results Obtained by the
Analytical Model and FEM Model of DFIG

The control part, frequency converter, network, transformer,
and crowbar were modeled in Matlab-Simulink, whereas DFIG
was modeled by the analytical model and by the time stepping
FEM solver. The system simulator (Simulink) was running with
a time step At = 50 ns, and the forward Euler method was

used. The FEM model of DFIG was running with a time step
AtFE]\/[ =50 HUS.

The stator transient line currents of phase C obtained from the
analytical model and FEM model are depicted in Fig. 10. The
comparison shows that the FEM current is higher than the ana-
lytical one in the first peak at the time instant 5.03 s, and the dif-
ference is about 0.7 p.u. After the crowbar is triggered, the stator
current is decreased, and during the crowbar operation, both the
waveforms show only a small difference. A comparison of the
transient rotor currents is depicted in Fig. 11. The amplitude of
the rotor current calculated by FEM is in the beginning of the
transient higher than the transient rotor current calculated by the
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analytical model, and the difference is about 0.5 p.u. A minor
difference in amplitude is present during the crowbar operation.
Similarly as in the case of the stator current beyond the time
instant of 5.3 s, when the converter is started, the FEM current
is almost twice the current calculated by the analytical model.
A significant difference between the FEM and analytical calcu-
lated the rotor current amplitudes can be observed at 5.75 s. The
current calculated by FEM is higher, and the difference is about
0.35 p.u.

The more significant difference in the amplitude of the tran-
sient stator and rotor currents is present only during the tran-
sients when the fault is introduced; the rotor-side frequency con-
verter restarted, and faults cleared. This could be explained so
that the FEM model takes into account the magnetic saturation
of the stator and rotor leakage inductances.

Fig. 12 depicts the comparison of the generator electromag-
netic torque calculated by the FEM model and by the analytical
model. The amplitude of the FEM torque is higher than the am-
plitude of the torque obtained from the analytical model in the
beginning of the transient. The difference is about 1 p.u. The dif-
ference is small during the crowbar operation. The difference at
the time instant 5.3 s is about 0.4 p.u., and after the fault clear-
ance between 5.7-5.76 s, the FEM torque is higher and the dif-
ference is about 0.6 p.u.

The large difference in the amplitudes in the beginning of the
transient can be explained so that during the unsymmetrical fault
the FEM model represents better the unsymmetrical magnetic
saturation, while the conventional analytical model neglects all
asymmetries. The small differences during the crowbar opera-
tion and during the reactive power control mode could be caused
also by the different methodology of the electromagnetic torque
calculation [17].

IV. CONCLUSIONS

The simulation results presented in this paper show one ex-
ample case of the ride-through operation of the studied doubly
fed wind-power generator. The results obtained by means of
an analytical model and FEM model of DFIG were compared
in order to reveal the influence of the different modeling ap-
proaches on the short-term transient simulation accuracy.

The significant difference in the amplitudes of the transient
stator and rotor current calculated by FEM and the analytical
model of the DFIG have been found, especially when the grid
fault has been introduced. Some differences between compared
results have also been observed when the rotor-side frequency
converter is restarted and when the fault is cleared. This could
be explained so that FEM model takes into account the magnetic
saturation of the stator and rotor leakage inductances.

The large difference in the compared electromagnetic torque
amplitudes in the beginning of the transient could be explained
so that during an unsymmetrical fault, the FEM model repre-
sents better unsymmetrical magnetic saturation than the conven-
tional analytical model.

The developed coupled field-circuit-based simulator has
proved to be capable of complicated power electronics and
electric machine setups modeling, and thus, it is a useful
tool for the development and optimization of the wind-power
generators.
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