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Fault tolerant back-to-back converter topology for wind turbine
with Doubly Fed Induction Generator

A. Gaillard*, S. Karimi, P. Pourg S. Saadate

Abstract — This paper presents a novel fault tolerant converter topology for grid connected Wind
Energy Conversion System (WECS) with Doubly Fed Induction Generator (DFIG). This topology
allows fast fault detectionand compensatiorof one of the semiconductor®r drivers by using

isolating and connectingdevices.lt is basedon a uniqueredundantleg for both backto back
converters. We presenta new detection algorithm, robust to false fault detection due to
semiconductor switching. Simulation results are presented cases on both back-to-back converters
and both hyper and hypo synchronous conditions.

Keywords: Wind Turbine Generator, Fault Tolerant Converter, Fault detection, Fault compensation,
Doubly Fed Induction Generator

generator in recently built wind farms [2]. DFIG present
Nomenclature: many advantages and is is the only variable speed wind
turbine generator that does not require a full-size rated

_kr(k: 1,2,3,12,3) leg number rotor side power converter to provide the grid with a
K top IGBT switches . . -
Vion measurechole voltages constant frequer)cy with umty_power fac_tpr capability
Vioes estimatedpole voltages [2]. However, this WECS is highly sensitive to faults
Ve dc-link voltage occurring at the back to back converters as well at the
inte(t) time error signal sensors. A sudden failure in one of the power switches
lgs lgs lars lgr stator and rotor currents in the or drivers decreases system performances and its effect
(d-q) reference frame can lead to hard failure. Hence, to reduce the failure rate
Os O stator and rotor field angle and to prevent unscheduled shutdown, real-time fault
Pds Pgs Pdr » Par stator and rotor flux in the (d-q) detection, isolation, and compensation scheme should be
reference frame _ adopted.
EE’ cStyitlﬁ:r gggozoéﬂgfostls:?ggsctance Rgcently, Shander—Mu;taph_a and SIar_na-BeIk_ohja
M cyclic mutual inductance studied current sensor failure in a DFIG wind turbine.
Tem electromagnetic torque They proposed a method to locate the faulty sensor and
Tr resistant torque they proposed to reconfigure the controller [3]. More,
f viscose torque coefficent the fault mode behaviour of static converters, protection
Q mechanical rotation speed and fault tolerant control of voltage source inverter
J global inertia systems has been covered in a large number of papers.
P pair poles number Kastha and Bose [4] made a systematic investigation of
Vs RMS value of the grid voltage the voltage source PWM inverter system for induction
Pyria activepower injected into the grid

motor drives on various fault modes. However, they do
not propose any method to identify faults. In [5]-[6]
l. Introduction analysis of the current-vector trajectory is used to
identify fault modes. Mendes and Cardoso [7] have

The d d i ) | iiabl | . suggested to use the average motor currents Park’s
e demand for continuously available electronic \ocior  monitoring, for diagnosing voltage source

?ov(\;_er sylste(;ns s increasing. Power sydste;msl arel MOStly jyerter faults in AC drives. All the methods previously
eeding loads requiring non-stop and fault tolerant yiqessad take at least one fundamental period to detect
operation. WECS. are_typu:_al appl|(_:at|on cases where-_ the the fault occurrence. Special methods have been also
efficient production is directly linked to economic developed to minimize the time between fault's
b??,egt;([;l]-' The gelreijra;orbusid |nbthekstud|ed WECS gccurrence and detection. Riberio et al. [8] proposed
with Is controlled by back to back converters 10 yigarent techniques for fault detection in voltage source
provide power to the grid. This d|str|buted_generat!on asynchronous machine drive systems. These techniques
technology is one of the most used wind turbine 5re 5 kind of knowledge basedocedure and use extra
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Fig. 1. Fault tolerant back-to-back converter topology.
sensors. With these techniques the faultiétected in one of the semiconductors or drivers, the fault detection
one fourth of the fundamental cycle. scheme detects and locates the fault and isolates the

In this paper, we propose a new fault tolerant back-to- faulty leg. If the fault is an open-circuit, the isolation is
back converter topology. Then we detail a new fault implemented by removing the gate signal from both
identification and compensation method in both hyper switches of the faulty leg. In short-circuit case, the faulty
and hypo synchronous conditions. First, we examine the leg is isolated by very fast acting fuses; consequently,
response of the WECS in fault occurrence case for one the short-circuit fault becomes an open-circuit fault after
semiconductor or driver of one of the two converters. isolation of the faulty leg by the fuses. Then, in both
Four cases are studied: the fault can either occur over cases, the reconfiguration scheme triggers the suited
the Grid Side Converter (GSC) or over the Rotor Side bidirectional switch T in order to connect the faulty
Converter (RSC) in both hyper or hypo synchronous phase to the middle point of the redundant leg. In
mode. The approach introduced here minimizes the summary, in a fault case on the leg number k, the
delay time between the fault occurrence and its compensation is achieved by the following steps:

diagnosis. This paper demonstrates the possibility to - Detection of the faulty leg (detailed in next
detect a faulty switch in less than 10 us by using a “time section);

criterion” instead of “voltage criterion”. Finally, the - Removing the switching orders of the two
proposed detection method is applied to the fault switching drivers of the faulty leg number k;
tolerant back-to-back converter topology. It only - Triggering of the suited bidirectional switch
implements one redundant leg for any fault occurrence To

in the GSC or the RSC. Consequently, the back-to-back - Using the switching orders of the faulty leg for
converter can still operate in nominal conditions even if the redundant one;

a power semiconductor or a driver is faulty, in any wind - Stopping the fault detection scheme.

speed conditions.

I1l. Fast fault detection and identification

[I. Fault tolerant topology principle
The studied WECS is based on a horizontal axis wind
turbine and an indirect controlled DFIG with Maximum
Power Point Tracking (MPPT) and pitch controls. Fig. 1
shows the fault tolerant topology. It is based on a back-
to-back converter and a redundant leg composed of the Vv
switches T and T. This leg will replace if necessary the Ve = (2x S, —1)~4

faulty one of the other legs. When a fault has occurred in 2

Power semi-conductors fault detection is based on the
comparison between measured and estimated pole
voltages. The estimated voltages can be expressed by:

1)
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Where S, = {0, 1} is the switching pattern (opened or
closed) for the top semi-conductor of the leg number k.

TABLE |
VOLTAGE ERRORFOR OPENCIRCUIT FAULT IN THE SWITCH

The fault occurrence can be determined by analysing the
voltage error obtained from the difference between the

measured and estimated pole voltages.This voltage error
is given by:

€ ko™ Ykom™ Vkoes (2)
We suppose that the switches are ideal. With this
supposition, in normal operation, the measured and

Si3 Dk Dk+3 Vkom Vioes & ko
v, v,
>0 0 off On ~tde —dc “Vdc
2 2
>0 1 of on -Ye o _Vd 0
2 2
<0 0 on  Off Vde Vde 0
2 2
<0 1 off  Off -V—gc -V—gc 0

estimated pole voltages are equal and thus thei
difference is zero.

In short circuit case, the fast acting fuse of the faulty
leg first isolates the leg. Then, the faulty switch is
opened and the fault detection also consists in an open-
circuit fault. Consequently, only open-circuit fault will
be studied in next sections.

In the following, the open-circuit fault in one of the
top switches Tis considered. The voltage error and the
measured pole voltage are calculated analytically. An
open circuit fault in the switch (Treduces the pole
converter topology to the equivalent circuit presented in
the Fig. 2. In this circuit, the measured pole voltage and
the voltage error for the phase k depend on the phase
current | and the switching pattern.$ of the switch
Tk+3

Even though the estimated voltagges depends
only on the state of the switching pattern of the switch
T3, the measured pole voltag¥,,,, can be changed

with the sign of the phase currept i

. = _Vac
If i, > 0 thenVgom= 5 (3a)
Ifix < 0 andS,,s =1 then Vkom= —% (3b)
Ifix<0andS.,; =0 thenVkom=—1" (3¢)

Table 1 presents the voltage error. We demonstrated
that the fault is detected only if » 0 and S, .53 =0

Same analysis can be used for the open-circuit fault in
any one of the bottom switches. Thus with ideal
switches consideration, the fault occurrence in each leg
can be determined with a comparator that compares the
measured and estimated pole voltages. However, in real
case, because of turn-off and turn-on propagation time
and interlock dead time generated by the switches
drivers, the voltage error is not null in “healthy”
conditions and constituted of pick during switching
time. To avoid false fault detections due to power semi-
conductors switching, we think of transforming the
“voltage” error signal in a “time” error signal. Also, the
time error signal inft) is achieved for each phase by
first taking the absolute value efo (t), applying the
result to a comparator with a value h and integrating the
comparator output as presented in the Fig. 3. The output
of the first comparator is equal to zercejb(t)| < h and
equal to one ifglg(t) | > h. Thus, the output of this
comparator is a repetitive square waveform due to semi-
conductors switching. The output of the integrator is
equal to the time during which,dg, and vees are
different, if integration is initialised to zero after each
square waveform. Consequently, we detect the fault
occurrence using a “time criterion” instead of “voltage
criterion”. To do this, we applied the integration result
signal to a second comparator having a valuseVeral
times larger than switching time. By this way, we avoid
false fault detections due to semiconductor switching
and we can detect the fault in less than 10 ps. The
resulting signalf, from the fault detection scheme is
used to isolate the faulty leg, to trigger the suited
bidirectional switch J; and to stop the fault detection

because in the other cases the leg number k operates

correctly and thus the voltage error is zero.

dc/2

Fig. 2. Equivalent circuit for open circuit fault in the switgh T

First Second '
comparator Integratorcomparatmj

Fig. 3. Fault detection for the phase k.
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d .
Vgs= Ryl ds+d_¢ ds_05¢qs
IV. Control of the Fault Tolerant System t

Fig. 4 shows the control principle for the fault Vigs= Rslqs+%¢qs+95¢ds
tolerant WECS. In healthy conditions, the switching

pattern for the RSC and GSC are defined by a vector
control strategy, detailed in next section. The fault

detection and identification bloc generates ftherders vV
according the principle depicted in Fig. 3. The RSC or ar
GSC switching pattern and the redundant leg connection

control bloc manages the suited triac connection and the \ith:

redundant leg switching pattern according to the

detected faulty leg. In healthy conditions, the six outputs

of the RSC or GSC control are directly applied to the

RSC or GSC, whereas in fault case, only four of them

are used for the RSC or GSC and the two others ones

drive the redundant leg.

e @
Var =Relgr +a¢dr _er¢qr

d .
= Rrlqr +a¢qr +Hr¢dr

Pas=Ld g+ Ml
Pags=Ldgst Mg
Por =Lilgr *Mlgs
Bor =Lyl g + Mige

®)

V. Vector Control of the DFIG After simplification, the equations (4) and (5)
become:

The studied DFIG is controlled to produce electrical
power at constant frequency whatever wind and speed
conditions. The stator of the DFIG is directly connected

d
V &R L gtol —14+E
to the grid and the rotor is fed by two bi-directional @ @ dt 0 ®

converters (RSC and GSC) connected between the rotor V =Rl 4ol gl +E
and the grid. The indirect control method is based on o R b Sgt 9 9 5
regulating the active and reactive powers of the DFIG, (6)

d
by controlling the (d-) rotor currents [9]-[10]. Viar =R lgr +ob, prs lar + Egr

d

V.1. Modeling of the DFIG Var =Relg +oly dt lor * Bqr
We used the classical (d-q) modelisation in the Park
reference frame [10]. The equations for a DFIG and a  Whereo is defined by:
classical squirrel cage generator are identical, excepted
the rotor voltages which are not null for the DFIG. M 2
The stator and rotor voltagess Vys Var and Vg, in o=1- L (7)

the (d-q) reference frame are defined by:
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and By, E; Eg and K are the coupling terms between The active and reactive power of the DFIG can be
the d and g axes. Their expressions are given in expressed by :
Appendix.
P.=v3vd
The mechanical equation is: { =V dgs (14)
Qs:\/gvsl ds
dQ
Teszr+fQ+‘]E (8)
Var(S) 4 &ar(S) lar(S)
: Fdr(S] .
The electromagnetic torque depends on the (d-q) flux —
and currents:
Edr(s)
M
Tem = pL_(I qr¢ds_| dr¢qs) 9)
s Var(S) + . €ar(S) lqr(S)
Fols) —*
V.2. Control of the RSC -
After Laplace transformation, the rotor voltages qu(s)
defined by the equation (6) become:
Fig. 5. Bloc diagram for the RSC voltages.
¥( 3= Ru(9+0L sl (9+Eqx(s)
Y= Ry (3rotsy(9+ g9 @O
rar ' ' Or from the rotor currents by:
With sthe operator of Laplace.
P.= -st@LM g
The resulting bloc diagram for rotor voltages from s (15)
equation (10) is presented in the Fig. 5. In this figure _ 3\/52 _\/§\/SM |
Fa(s) and Fq(s) are transfer functions for the rotor Qs = Wl L, dr

voltages and are expressed by:

The RSC control diagram presented in the Fig. 6 is

Py (s)= For (S):i[_l; (11) directly established from the equations (15) of the DFIG
R, 140" s model. We used a Proportional Integral corrector for the
R current control [11].
To achieve an independent control of active and V.3. Control of the GSC

reactive power, we established the equations between

the powers and the rotor variables of the DFIG. We  The model of the system (Fig. 7) is given by the
choose to set the stator flux vector aligned with the d following equation:

axe. Consequently:

. d.
B Vizg = Relizg + L rlisg +Vigg (16)
{¢ ds — ¢s (12)
Pgs = R andL; are respectively the resistance and inductor

of the input filter. The Park model in the GSC (d-q)
The grid is assumed to be stable and consequently ~ reference frame is given by:
is constant. By neglecting the stator resistance of the
DFIG, we obtained :
d
17)
V3 _ d
= Z)s (13) Vos ZRilg +Ly 5olg taslily +V,

VdS:Rfld' +Lf %I ' —a)st Iq +Vd‘

9s
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EI‘II’
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MV,/3 [ H kp1+?"é>—' da /™
|
y Ex - PWM 2>
erei _Ls |drrel K i1 + +
—N%)—» + >
+5 MVS\/§ +< g abc
lg
3,2 '
wSLS
Fig. 6. RSC Vector Control.
i Lo Ry, lge I The direct axis current is used to regulate the GSC
Vi —> — Vo J_C reactive powef); and the quadrature axis current is used
Vo A I GSC Ve T RSC to regulate the DC bus voltage. This method also gives
Vs —— ] the possibility to control independently the active and

Fig. 7. GSC grid side connection.

After Laplace transformation, voltages defined by the
equation (16) become:

|

The resulting bloc diagrams for the voltages of the
equation (18) are presented in the Fig. 8.

(3= RL(3+ ksl (9+E,

\és(s): Ry Iq' (S)+ L $q-( + Eq'

(s)
(s)

(18)

Vedo) g08) [ T )
£4(9)

Veld) g oS [ ] 19
0

Fig. 8. Bloc diagrams for the GSC voltages.

With:

(19)

reactive power echanged between the GSC and the
electrical grid.
In the Park reference frame, the voltage source

components areVy =0 and Ve =VS\/§ and the
powers can be expressed by:

Py =V(V3l
. (20)
Q, =Vs\/§|d'
By neglecting the converter losses, we have:
VdcI dc =Vs\/§|q‘ = Pf
d, _
Cavdc_ldc_lm (21)
d,, _
Vdccavdc =P - PR,

The GSC vector control diagram presented in the Fig.
9 is directly established from the equations (18) and (21)
of the GSC model. We used a Proportional Integral
corrector for the current and DC bus voltage controls
[11].
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Fig. 9. GSC Vector Control.

VI.

In this section, we examine the response of the WECS
in the four possible fault cases when a driver or a
semiconductor is faulty. As explained in section Ill, only
open switch fault is considered because of the use of

Simulation Results

In conclusion, the four cases in any speed conditions
lead to electrical and mechanical oscillations which
dammage the WECS and the electrical grid.

VI.2. Fault occurrence with compensation

Fig. 14 and Fig. 15 present simulation results for the

fuses. We considered that the fault appears on the third casesa andb respectively, when a fault of the top switch
leg of the RSC or of the GSC. The studied cases are the Ts 0f the GSC appears at t = 200 ms with fault detection

following:

- GSC is faulty in hypo synchronous mode (cage
- GSCis faulty in hyper synchronous mode (dase
- RSC is faulty in hypo synchronous mode (cgse
- RSC is faulty in hyper synchronous mode (ad)se

obtained
with  the

results are
associated

Simulation
Matlab/Simulink

using
toolbox

and compensation.

Fig. 16 and Fig. 17 present simulation results for the
casex andd respectively, when a fault of the top switch
T; of the RSC appears at t = 200 ms with fault detection
and compensation.

With fault detection and compensation, WECS can
still operate in nominal conditions. The fault is correctly
detected in less than 10 us. In the four cases, the fault is
detected and the faulty leg of the GSC or the RSC is

SymPowerSystems. System parameters are given in thereplaced by the redundant one.

Appendix. For the two cas@sandc, speed generata?
is regulated by MPPT at 140 rad/s and for casasdd,
the speed is equal to 200 rad/s.

VI.1. Fault occurrence without compensation

Fig. 10 and Fig. 11 present simulation results for the
cases andb respectively, when a fault of the top switch
T of the GSC appears at t = 200 ms without fault
detection.

Fig. 12 and Fig. 13 present simulation results for the
casex andd respectively, when a fault of the top switch
T; of the RSC appears at t = 200 ms without fault
detection.

For GSC fault occurrence in both speed conditions
(cases a and b), an open circuit without fault
compensation leads to oscillatiomisthe Vg, voltage and
consequently of the power injected into the grid. We can
notice that these oscillations are not the same in both
speed conditions; in hypo synchronous mode, the GSC
operates as a rectifier while in hyper synchronous mode
it operates as an inverter.

For RSC fault occurrence in both speed conditions
(caseg andd), we either observe oscillations \éf, and
consequently oPg;q. In hypo synchronous mode, the

RSC operates as an inverter and consequently the grid

power oscillations are not so important than in hyper

synchronous mode where the RSC operates as a

rectifier.

VII.

This paper validated the possibility to achieve fault
tolerant operation for a WECS with DFIG by adding one
redundant leg to the classical back-to-back power
converter topology. More, we examined a new fault
detection and compensation method, avoiding false fault
detection due to semiconductor switching. The proposed
method minimizes the delay time between the fault
occurrence and the diagnosis. The simulation results
demonstrate the possibility to detect a faulty switch in
less than 10 ps by using a “time criterion” instead of
“voltage criterion”. The lower limit for the detection
time depends on the switching time. In actual WECS,
when a fault appears on the back-to-back converter, the
system is disconnected from the electrical grid. As
proposed in this paper, with a fault tolerant back-to-back
converter associated with fast fault detection and
compensation, the WECS can still operate in nominal
conditions and consequently economic benefits can be
realized. More, the fault detection principle detailed in
this paper can be used in any application using three-
phase voltage source inverter.

We are currently working on fault tolerant WECS
with DFIG when a voltage or a current sensor is faulty
to increase the reliability of this green power generation
system.

Conclusion
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Appendix
Grid parameters230V-50Hz V=230V, w<=314rad/s
DFIG parameters R=0.458), R=0.19Q, Ls~70mH,

L.=21mH, M=34mH, 0=0.214, f=0.00673Nm/rad/s,
J=0.3125kg.rm

2
M M M
Eds=L_Vdr_ LRf |dr+(wr_(‘-’s)M|qr+ L_wr_l-é"s lgs
r r r
M MR, M2
Eqs—L_Vqr L I qr"'(ws_wr)M' drt| Lsts _L_(‘-’r lds
r r r
M MR M2
Ear —L_Vds_ L I ds"’(ws_wr)M'qs"' L_“é “Lray |lgr
s s s
M MR M2
Eqr 1 VasT L |qs+(wr_(‘-’s)M|ds+ Ly ot _L_(‘-’s ldr
s s s

Filter and DC bus capacitance parameteR=1mQ,
Li=4mH, C=60QuF

RSC Vector Control Pg.~=6kW at ©Q=200rad/s,
Pse=-10 KW at 2=140rad/s,Qse~0VAr, k;=13.482,
k51=570

GSC Vector ControlVyce=700V, lgse=0A, Kky5=0.229,
k.2=4374,kp3=12, k|'3=3
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