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Abstract- In this paper, the behaviour of a wind energy conversion system that uses the structure of Doubly-Fed Induction
Generator (DFIG) under faulty conditions is presented. DFIG consists of an asynchronous machine, in which the stator is
connected directly to the grid and its rotor is connected to the grid via two electronic power converters (back-to-back
converter). In the three-phase rectifier and the inverter with IGBTs the Pulse Width Modulation (PWM) and SPWM technique
is respectively used. DFIG is analysed and simulated under faulty conditions in the environment of Matlab/Simulink. The
faults that are investigated in this work take place in the part of the back-to-back converter (either in the rectifier or in the
inverter). More specifically, it is investigated how DFIG reacts when an open circuit happens in two IGBTSs of the rectifier or
of the inverter. Also, the results of Fourier analysis of some important system variables in these faulty conditions are presented

and an identification of these faults is done.
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1. Introduction

Various types of systems for wind potential conversion
have been designed and are in operation. Each one of them
has advantages and disadvantages and they could be used in
specific occasions. The most important of these systems are
presented in [4].

In this work the behaviour of a wind energy conversion
system with Doubly-Fed Induction Generator (DFIG) is
studied. This type of system has some advantages. One of
them is that it can be operated in the region of low wind
speeds e.g. 4m/s. The variable speed range of such wind
energy systems is about 30% below and above the
synchronous speed. The rating of the used back-to-back
power converter is 25-35% of the generator capacity [5, 6],
which made this an economical choice compared to the full
power converter design of most other variable speed wind
turbines. For these systems monitoring and diagnosis are
important to prevent faulty conditions that maybe have
negative consequences. Fault diagnosis could be achieved by

measuring some characteristic quantities of the system in
healthy condition, registering data and comparing them with
the corresponding ones in the faulty condition, which
prevails for a time after the fault beginning. So, fault
diagnosis and identification could be achieved.

As it is documented in the international literature, the
faulty conditions that have been investigated mostly are
faults in the asynchronous generator (i.e unbalanced stator
conditions, a broken bar), in the grid side such as voltage
sags and in the DC link such as DC link fluctuation [7,8].

In this work faults in the back-to-back converter are
studied, when the DFIG operates in subsynchronous mode,
so the Grid Side Converter (GSC) operates as a boost
rectifier without using the upper IGBTs, but only the
corresponding diodes (Fig. 1). Two types of defects can
appear on IGBT-an open circuit or a short circuit fault. These
faults can appear in one IGBT only or in two IGBTS either in
the same leg of the converter, or in two different legs. Open-
circuit faults in two IGBTs in RSC or in GSC in different
legs are investigated here.


mailto:a.n.safacas@ece.upatras.gr

INTERNATIONAL JOURNAL of RENEWABLE ENERGY RESEARCH

Dimitrios G. Giaourakis et al., Vol.2, No.2, 2012

IGabc

GRID

vdb {ngabc

Vvgc

Fig. 1. Block diagram of DFIG.

2. A Brief Description of the Wind Energy Conversion
System Including DFIG

2.1. General Aspects

The system’s structure including DFIG (Fig.1) consists
of an asynchronous machine that operates in generation
mode, of which the stator is connected directly to the grid of
constant voltage and frequency and the rotor plugging in the
grid via a back-to-back power electronic converter. This
system is used to achieve a wide range of operation modes
from subsynchronous to supersynchro-nous (positive and
negative slip). This can be achieved via power flow in both
directions. That is why the bi-directional topology of
AC/DC/AC converter is more preferable. Moreover, a back-
to-back converter, being compared with most of the
configurations  with  cycloconverters, line-commutated
converters and low-frequency forced commutated thyristor
converters, has a lot of advantages such as reduced harmonic
distortion, higher power factor and control flexibility. The
rotor electrical power P, is only a fraction of stator output
active power P (P,=-sP;). Since the electromagnetic torque
Mel is negative in case of power generation and Qg is
positive and constant for a constant frequency grid voltage,
the sign of P, depends on the slip (s) sign. For
supersynchronous speed operation P, is transmitted to DC
bus capacitor and tends to raise the DC voltage. For
subsynchronous speed operation P, is taken out of the DC
bus capacitor C and tends to decrease the DC bus voltage.

2.2. Wind Turbine Model

It is well-known that the relation between the wind speed
and aerodynamic power is described by the following
equation:

Py = 5PAC,, B)vi) )
and the corresponding torque is expressed as

A,
T, = :pnR3v} 2o

)
where P, is the aerodynamic power extracted from the wind
[W], Ty is the corresponding aerodynamic torque [Nm], p the
air density [kg/m®], R the wind turbine rotor radius [m], vy,
the equivalent wind speed [m/s], § the pitch angle of rotor
[deg], C, the power coefficient with its maximum value at

0.59 (Betz limit) and A is the tip speed ratio given by the
following equation:

A=t 3)

Yw

where w,,; is the wind turbine rotor speed [rad/s].
2.3. DFIG Mathematical Model

This system is used to achieve a wide range of operation
modes from subsynchronous to super-synchronous operation,
namely the generator to operate with positive and negative
slip. This can be achieved if the power converter can operate
with power flow in both directions. [9,10]

The analysis and simulation of the DFIG operation is
based on the well-known dynamical model described by the
following equations (synchronously frame):

. d¥.
Usg = Rg “lgq — g Wgq + dtSd
(4)
) d'¥s,
Usq = RS .ISd +wS‘PSd +
dt
. d¥y
Upg = Rg +igg +—22 — (o —0g)¥rq
(5)
. lIqu
Upg = Rs - Irg +?+ (05 — 0 )Wrg
Wsq = (Lso + Lin)isq + Linlrg (6)
\PSq = (LSO' + Lm)iSq + Lmqu
Wra = (Lro + Lin)irg + Linisq )
LIJRq = (LRO' + Lm)qu + LmiSq

where Usg, Usq, Urd s Urg, Isdy Isqr Tras Irgy Wsd » Wsqs Pra s Prg

are voltages [V], currents [A] and flux linkages [Wb] of the
stator and rotor in d- and g-axis, Rs is the resistance of the
stator windings [Q], Ls, Lg, Ly, are the stator, rotor and
mutual inductances [H], Lz, Ls, the stator and rotor leakage
inductances [H] and ws , wg are the angular frequency of the
stator and rotor.

By calculating the apparent power and taking the real
parts, the following equations represent the stator-side and
rotor-side active and reactive power respectively:
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3 . .

P = E(usdlsd + usqlsq) } (8)
3 . .

PR = ;(uRled + uquRq)
3 . .

Qs = > (uSq lsg — Usq lSq) } ©)
3 . .

Qr = > (uquRd - uRleq)

The electromagnetic torque is expressed as:
Mgy = p(iq\PSd _ileSq) (10)

where p is the number of pole pairs.

Equation (11) describes the torque balance in DFIG:
dQ

where M, is the mechanical torque produced by wind
turbine, Mel the electromagnetic torque of the asynchronous
generator, Jy the moment of inertia of the asynchronous
machine and J, the moment of inertia of the wind turbine
(and other mechanical parts).

3. Power Electronic Conversion System Control
3.1. Rotor Side Converter (RSC)

Rotor side converter acts as a PWM rectifier during the
machine working in supersynchronous mode and as an
inverter during subsynchronous mode. The purpose of the
rotor side converter’s control is the independent control of
the rotor’s active and reactive power. To succeed it, the
voltages and the currents are transformed in d-, g-
synchronously reference frame, where the d-axis is aligned
with the air gap’s flux vector. This happens because the
stator of the DFIG is directly connected to the grid’s voltage.
This means that ¥ is constant and ¥s, is equal to zero. So
the following relations are applied:

d¥sq
dt

dll’sq _
dac

Yo = Yy, = const, =0, ¥%,=0, 0 (12)

Neglecting the small stator’s resistance R , the voltage
uss=0 and the following current equations solving (6) are
obtained:

iSq — Lm . _ ¥sa-Lmird (13)

- (Lsg+Lm) 'R s = (Lsg+Lm)
By substituting these equations to (7)-(11), the active
and reactive power are given by the following equations:

3 L

m . ¥Ysd—LmlRd
— Uy — = —=—= 14
2 Sq (Lsg+Lm) Rq> Qs ( )

P =
s Sa (Lsg+Lm)

3
2

From the equations (14), it is concluded that independent
control of active and reactive power can be succeeded.
Finally, the electromagnetic torque is given by the following
equation:

—_3(p Im .
Me, = 2 (2) Paq (Lsg+Lm) lrq (15)

3.2. Grid Side Converter (GSC)

The grid side converter acts as a PWM inverter during
the machine working in supersynchronous mode and as a
rectifier during subsynchronous mode. In subsynchronous
mode, the rotor’s power is coming from the capacitor of the
DC link, so the voltage interconnection is dropped down.
This leads to power transportation from the grid to the
capacitor. In supersynchronous mode the rotor feeds the
capacitor, its voltage increases and the grid side converter
transfers active power to the grid. Moreover, the reactive
power that is exchanged between grid side converter and the
grid, can be controlled. In our case the upper IGBTs of the
GSC are always off, while the corresponding parallel diodes
conduct.

The control of this converter is achieved by transforming
the three phase quantities to d-, g- synchronously frame, in
which the d-axis is aligned with the vector of the grid’s
voltage, because grid’s voltage is constant. So, the following
relations are resulted:

dugq

dugqg
Ugg = Ug = const,d—f =0,uyq =0,—=0 (17)

where ugq is the component of grid voltage in d-axis and Uy,
is the component of grid voltage in g-axis.

Through the following equations the active and reactive
power can be calculated:

3 . 3 .
Pye = S Ugalga » Qgc = — 3 Ugalgq (18)
These equations show that independent active and
reactive power control can be achieved.

4. Faults Study in DFIG

A ot of fault types can appear within an
electromechanical system. Some of them are [9, 10, 11]: (a)
input supply single line to ground, (b) rectifier diode short or
open-circuit fault, (c) dc link capacitor short-circuit fault, (d)
dc link short-circuit to ground, (¢) IGBTs short or open-
circuit fault, (f) line to line short-circuit at machine terminal,
(9) single line to ground fault at machine, (h) current sensors
faults, (i) faults in induction motor (i.e. broken bar).

In DFIG the types of faults usually appear are a), f), g)
and i) [12, 13,14]. In this work faults in the converters are
studied (e). More specifically, open circuit in two IGBTS is
investigated.

In Figure 1 the location of two faults (F1, F2) is chosen.
In case of (F1), if the upper switch T3 of phase (b) and the
lower switch T2 of the phase (c) are simultaneously opened,
the defect causes a loss of reversibility in currents of two
faulty switches. Thus, the two currents of the two faulty arms
became unidirectional and nonsinusoidal. The loss of an
alternation for each faulty phase, will involve a deformation
on the third current, and since the neutral is insulated, this is
almost null when the two currents of phases are
simultaneously null. A typical example for the switching
operation of the RSC in healthy and faulty condition can be
seen in Fig. 2 (three signals). The time interval is specific
and chosen around 90° of the voltage reference sinus

229



INTERNATIONAL JOURNAL of RENEWABLE ENERGY RESEARCH

Dimitrios G. Giaourakis et al., Vol.2, No.2, 2012

waveform for PWM. It can be seen that in faulty condition
less current flows through T4 , T5 and D6, while D5 doesn’t
conduct.

Similarly, the switching operation of the GSC in healthy
and faulty condition is shown in Fig. 3. In case of (F2), since
T2 has an open-circuit fault (F2), only its diode (D2) is
conducting in specific time intervals. Furthermore, a
decrease of the currents flow through diodes D1, D2 and an
increase of the diode D6 current can be observed.

I pulses IT ID I
IT1,ID1 (A) IT1,ID1 (A)
5000 5000
0 0
-5000 -5000 - - - -
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5000 5000
oRaliAAL AL INL N oNLAA AL AL AL
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1.2551.25511.25521.25531.25541.2555 1.655 1.65511.65521.65531.65541.6555
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5000 5000
0 0

5000, -5000
1.2551.25511.25521.25531.25541.2555 1.6551.65511.65521.65531.65541.6555
t(s) t(s)

(@) (b)

Fig. 2. Switching operation of RSC (turn on pulses and
currents) in (a) healthy condition and (b) faulty condition,
ID=diode current, IT=IGBT current.
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Fig. 3. Switching operation of GSC (turn on pulses and
currents) in (a) healthy condition and (b) faulty condition,
ID=diode current, IT=IGBT current.

5. Investigation of DFIG System BehaviourThrough
Simulation

5.1. DFIG Parameters

To study in detail the behaviour of a 1.5 MW DFIG,
when the open-circuit faults, that have been described before,
happen, the whole system has been simulated in
Matlab/Simulink environment and some characteristic results
are presented in each case of fault. Furthermore, FFT
analysis for fault diagnosis and identification has been held.
In this study a constant value of wind speed is considered.
So, the wind turbine and rotor speed of the asynchronous
machine is specific and equal to 1200 rpm (DFIG operates in
subynchronous mode). Parameter values for the
asynchronous machine are presented in Table 1.

Table 1. Parameter values of DFIG

Pn Vi D Rs Lis Ry Lir Lm
MW) | (V) @ H | © (H) (H)
15 690 | 2 | 0.01 | 0.003 | 0.02 | 0.003 0.03

In the rotor side converter SPWM modulation technique
with fy,=10 kHz and in the grid side converter PWM
modulation technique with variable duty cycle is used.
Parameters’ value of filters: a) rotor side converter:
C,=50mF, L,=/uH, b) grid side converter: Cy=6mF,
L,=0.25mH. The value of the Cpcjin is equal to 30mF. These
values have been empirically chosen.

5.2. Open-Circuit Faults in RSC

The reaction of DFIG in this fault is presented through
the waveforms of voltages, currents and electromagnetic
torque shown in Fig.4-11. In Fig.4, 5 Vg Voltages and the
currents that are fed in the back-to back converter from the
grid (Iganc) are shown. It is concluded that this kind of fault
(F1) hasn’t any influence in this part of the whole system.

1000
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Vgdc (V)

-500

-1000
1.

1000

500

Viebe (V)
o

-500

-1000
1.7 1.72 1.74 1.76

t(s)

(b)
Fig. 4. Waveform of Vg voltages (a) in healthy and (b) in
faulty condition.
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Fig. 5. Waveform of Iy, currents (a) in healthy, (b) in faulty
condition and (c) the spectrum of the current waveform of
Igc (blue line-healthy condition, red line-faulty condition).

In Figure 6 the waveforms of grid phase current
(currents that are fed in the grid) are presented. It is
upcoming that a high distaurbunce will occur beacause of the
corresponding distrurbance of the stator’s phase currents that
fed in the grid. Also, in Fig. 7 the disturbance of DC link
voltage could be seen.
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= =
= o KUMHT Y UL =2 o
[3=] [3=]
[£2] (2]
-1000 -1000 |
2000 WY ¥VE -2000
-3000 ‘ -3000
1.3 1.35 1.7 1.75
t (s) t (s)
(@) (b)

Fig. 6. Waveform of Igg currents (a) in healthy and (b) in
faulty condition (faulty case F1).

As it can be observed in Fig. 8(c), the rotor faulty phase
currents have a harmonic content (red line) with frequences
that are odd multiple of 10 Hz.

1000

b
MY
W

400

200

01.2 1.4 1.6 1.8 2 2.2
Fig. 7. Waveform of DC link voltage (open circuit occurs in
t=1.6sec).

Also a DC component and basic harmonic with lower
amplitude (half of the corresponding of the healthy phase-
blue line) appear (harmonics with amplitude lower than 2%
are not considered measureable). These could be used as a
criterion of identification of this fault by measuring only the
rotor phase currents. Moreover, it is observed that if this kind
of fault happens in the RSC, odd order harmonics occur in
the rotor phase currents. On the contrary, when this fault
happens in the GSC, even order harmonics occur in the rotor
phase currents. Also, in Fig. 9 the rotor voltages in healthy
and faulty conditon could be seen.
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0 -~
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(©

Fig. 8. Waveform of rotor currents (a) in healthy condition,
(b) in faulty condition and (c) rotor faulty phase currents’
spectrum (blue line-healthy condition, red line-faulty
condition).
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Fig. 9. Waveform of rotor voltage (a) in healthy (b) in faulty
condition

As it is observed in Fig. 10(c), the stator phase currents
have a specific harmonic content that is unique for this kind
of fault (blue line-healthy condition, red line-faulty
condition). Furthermore, this kind of fault (F1) has a high
influence on stator’s currents and that is very important
because these harmonis will be injected to the grid. Also, in

Fig. 11 the waveform of electromagnetic torgue (open
circuit fault occurs at t=1.6sec, case F1) and the spectrum of
the electromagnetic torque (blue line-healthy condition, red
line-faulty condition) is presented. These harmonics are the
upcoming because of the corresponding harmonics in stator’s
currents.
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| \
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A X
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kS
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o ~
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Fig. 10. Waveform of stator currents in (a) healthy condition,
(b) faulty condition and (c) their spectrum.

x 10°

0 50 100 150 200
Frequency (Hz)

(b)

Fig. 11. Waveform of electromagnetic torgue (open circuit
fault occurs at t=1.6sec) and (b) spectrum of the
electromagnetic torque (blue line-healthy condition, red line-
faulty condition).

5.3. Open-Circuit Faults in GSC

As it is well-known, GSC acts like a boost rectifier in
subsynchronous mode. When an open-circuit fault in GSC
occurs, its behaviour changes (Fig.3). This may be
devastating for the converter. For this reason it is necessary
this kind of faults to be immediately diagnosed and cleared
from the protection circuits. Simulation results that present

232



INTERNATIONAL JOURNAL of RENEWABLE ENERGY RESEARCH

Dimitrios G. Giaourakis et al., Vol.2, No.2, 2012

how DFIG reacts, when an open-circuit fault in GSC
happens, including the spectrum of some basic system
variables are depicted in Figures 12-20.

In Figure 12 the disturbance in case (F2) in the grid
phase currents is presented, which is caused by the
corresponding disturbance of the Igabc. Also, an increase of
these currents’ peak value is observed. In Figures 13 and 14
input voltages of the back-to-back converter (Vga) and
phase currents that are fed in the back-to-back converter
from the grid (lganc) are presented. This kind of fault (F2) has
a high influence in this part of the system and the
distrurbance is obvious.

6000 6000 ‘
‘
4000 4000 m m ;
N Pal
= 2000 = 2000 \
58 o 5 oka'
[353 [353
€ _5000 [~ ‘ S 5000 WM Y4
-4000 -4000 ! V
-6000 -6000
1.3 1.35 1.7 1.75
t(s) t(s)
(a) (b)

Fig. 12. Waveform of grid phase currents (a) in healthy and
(b) in faulty condition.

1500 1500
1000 1000
= 500 1 — [ = 500
=2 o =2 o
S S
= 500 = 500
- VWS -
-1000 -1000
-1500 -1500
1.3 1.35 1.7 1.75
t(s) t(s)
(@) (b)

Fig. 13. Waveform of Vg, voltages in GSC (a) in healthy
and (b) in faulty condition.
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-2000 p"— -2000

)

-6000 -6000
1.3 1.32 1.34 1.36 1.7 1.72 1.74 1.76

t(s) t(s)
(@) (b)

Fig. 14. Waveform of Igabc currents in GSC (a) in healthy
and (b) in faulty condition.

-4000 -4000

The spectrum of the faulty phase current of GSC
(Fig.15) includes a DC component with amplitude
comparable to that of the basic harmonic (half of that of the
basic harmonic). This maybe lead the inductors to the
saturation mode. Also there are 2™, 3 4" 5" and 6"
harmonics (the higher harmonic can be neglected) in

comparison to healthy condition. Harmonics with amplitude
lower than 2% are not considered measureable. A range of
frequences (233 Hz-255 Hz) around of 243 Hz both in
healthy (blue line) condition and in faulty condition (red line)
appear. This range of frequences is due to the operation of
DFIG (on similar case of fault in a boost rectifier without
DFIG this bandwith doesn’t appear[14]). In Figure 16 the
influence of (F2) in DC link voltage can be seen. The ripple
in this case (fault F2) is higher than the corresponding in case
of (F1).

Frequency content of signal Ige

Magnitude

N =W

0 50 100 150 200 250 300 350 400
Frequency (Hz)

Fig. 15. Spectrum of faulty phase current Igsc.

ol
600 i ,vh.‘,“.l '“v A | “( [ M [
| Sl

0
12 13 1.4 15 1.6 1.7 1.8 1.9 2 2.1 22

1000

Fig 16. Waveform of DC link voltage (open circuit occurs at
t=1.6sec)

In Fig. 17(b) the specrutm of phase rotor current
presents harmonics in 10 Hz and even multiples of 10 Hz
(harmonics with amplitude lower than 2% are not considered
measureable). However, if this kind of fault happens in GSC,
the rotor currents are not much affected.

Frequency content of signal Irbc

3000 1
2000 | l i % A 0.8
1000 o
= € 0.6
ER Yy 5
[ s+ 4
= £ 0
-1000
-2000 02
| I o A*“
-3000 T T
1.7 1.8 1.9 (o] 100 200
t(s) Frequency (Hz)
(a) (b)

Fig. 17. Waveform of rotor currents (a) in faulty condition
and (b) their spectrum of power density (blue line- healthy
condition, red line-faulty condition).
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Frequency content of signal Isc
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Fig. 18. Waveform of stator currents (a) in faulty condition
and (b) their spectrum of power density (blue line- healthy
condition, red line-faulty condition).

In Fig. 19 (b) the spectrum of power density of the
electromagnetic torque of the asynchronous machine is
shown. Harmonics in 10 Hz, 20 Hz, 50 Hz, 60 Hz, 100 Hz
and a DC component appear (harmonics with amplitude
lower than 2% are not considered measureable). This is
because the same harmonic occurs in the stator phase current
as it is shown in Fig. 18b. As it is well known the interaction
between rotor Magnetomotive Force (MMF)’s harmonics
and stator’s currents harmonics causes harmonics in the
electro-magnetic torque respectively [13]. Also, in Fig. 20
the rotor voltages could be seen.

x 10° Frequency content of signal Te
1
1
0.5 0.8
(]
S 06
o ~olpn—1 =
& 0.4
=
-0.5 0.2
0
-1
] 1 2 3 0] 100 200
t(s) Frequency (Hz)
(@) (b)

Fig. 19. Waveform of electromagnetic torgue (open circuit
occurs at t=1.6sec) and (b)electromagnetic torque’s spectrum
(blue line-healthy condition, red line-faulty condition) in the
case (F2).
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Fig. 20. Waveform of rotor voltages (a) in healthy and (b) in
fault condition in the case (F2).

6. Conclusion

In this work open-circuit faults in the back-to-back
converter of a DFIG under the restriction of a constant speed
are investigated via simulation in the environment of
Matlab/Simulink in order to emerge the consequences of
those faults in the operation of DFIG and the need of
development of a diagnostic method. Two kinds of open-
circuit faults that are possible to happen, an open circuit of
two IGBTs in different legs of a converter and an open
circuit of one IGBT and one diode, are investigated. These
kinds of fault in the RSC and in the GSC respectively with
devastating consequences for the whole system are
investigated. Observing the spectrums of power density of
the basic variables of the system-phase rotor and stator
currents and phase currents of the GSC, it is concluded that
harmonics occur with specific frequencies. More specifically,
when an open-circuit fault in one IGBT and one diode in
different legs in GSC happens, a specific harmonic content in
GSC’s filter input phase currents occurs-odd multiple of 10
Hz and also a DC component and basic harmonic with lower
amplitude (half of the corresponding of the healthy phase)
appear. This harmonic content is unique for this kind of fault.
The part of the system that consists of the RSC and the
asynchronous generator is not influenced by this fault. When
two IGBTs in different legs are open-circuited in RSC, a
specific and unique harmonic content in rotor phase currents,
a dc component and 2™ 3 4™ 5™ and 6" harmonics in
comparison to healthy condition is observed. These
evidences could be used as a criterion on developing a
method for fault diagnosis and identification. Indeed, by
measuring the phase rotor currents and the GSC’s input
currents regularly and comparing their spectrum of power
density with the corresponding in healthy condition, can
conclude, if an open-circuit fault has happened in the back-
to-back converter and additionally which is the kind of this
fault.
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