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Abstract— In this paper, an FPGA-controlled fault tolerant back-to-back converter for DFIG-based wind energy conversion
application is studied. Before an open-circuit failure in one of the semiconductors, the fault tolerant converter operates as a
conventional back-to-back six-leg one. After the fault occurrence in one of the switches, the converter will continue its operation with
the remaining five healthy legs. Design, implementation, simulation and experimental verification of a reconfigurable control strategy
for the fault tolerant six/five leg converter used in wind energy conversion are discussed. The proposed reconfigurable control strategy
allows the uninterrupted operation of the converter with minimum affection from an open-circuit switch failure in one of the
semiconductors. Software reconfiguration is also necessary in PWM signal generation unit, to assure that proper gate signals are
calculated and generated based on the actual five-leg structure Simulations and experimental tests are carried out and the results are
presented and compared. They all confirm the capability of the studied reconfigurable control and proposed fault tolerant architecture
in ensuring the system’s service continuity.

Index Terms— Wind Energy Conversion System (WECS), Field Programmable Gate Array (FPGA), Fault Tolerant System (FTS),
Open-circuit switch failure, Fault detection, Six/Five-leg converter.

I. INTRODUCTION

Wind energy is a very fast growing type of renewable energy with a growth rate of more than 20% for installed wind turbines
from 2008 to 2013 [1]. One of the most widely used structures in currently installed wind turbines is the Doubly-Fed Induction
Generator (DFIG). A DFIG-based Wind Energy Conversion Systems needs a power converter with reduced rating, compared to
other variable-speed turbines with series power converters. In fact, here the power converter has to handle a fraction of the output
rated power (around 30%) in steady state condition [2].

The most common power electronic converter used in DFIG-based WECS is the two-level back-to-back converter. This
topology is also commonly used in many other applications such as electrical drives and Uninterruptable Power Supplies (UPS).
Nevertheless, this type of converter is sensitive to its switches’ failures. Any failure in the power converter will decrease the
system performance and may propagate to other parts of the system. Therefore, once a fault occurs, the system operation has to
be stopped. This is not desirable in renewable power units, because it results in financial losses. This is especially true for wind
turbines, since they are usually installed in remote areas, mainly offshore, and their maintenance is time consuming and costly
[3]. Therefore, reliability and the capability of continuity of service are compulsory in such applications [4, 5]. On the other
hand, power converters are in fact one of the most fragile parts of a WECS [5], and have the highest failure rate after pitch
control [6]. While some works are reported on the fault prognosis for the pitch system [6], diagnosis of stator and rotor fault of
the DFIG [7], and diagnosis for machines bearing failures [8], little work is done on the fault diagnosis and fault-tolerant
operation of the converter of a WECS itself.

The first step in reacting to a switch failure in the converter is to detect quickly its occurrence, and also to localize it. Fault
detection schemes for power electronic converters are discussed in several papers. In [9, 10] fault detection schemes are
presented for some multilevel converters. Gate signal monitoring is used in [11] for the detection of IGBT failures. An observer-
based method is used in [12] to detect the fault in the converter sensors. A fault diagnosis method for open-circuit failures in
matrix converters is proposed in [13]. An adaptive neuro fuzzy interface algorithm is presented in [14] for detection of open
circuit failures in grid-connected single phase inverters that uses inverter’s output currents for fault detection. A sliding mode
observer is used for fault detection in the multicell converter presented in [15]. A very fast FPGA-based fault detection using a
"time and voltage criterion" is presented in [16, 17]. It is capable of detecting the fault and its location in a few tens of micro-
seconds. In fact, FPGA can run these tasks very quickly, thanks to its parallel architecture. Therefore it appears to be a very
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suitable choice for implementation of the real-time fault detection schemes [17].

Once the fault is diagnosed and its location determined, proper modifications must take place in the hardware of the fault-
tolerant converter, as well as in the digital control part. Several reconfigurations for different fault-tolerant converters are
presented in [18, 19]. A fault-tolerant multicell converter is proposed in [15]. A fault-tolerant matrix converter is studied in [20].
In [21, 22], three-phase inverter topologies with and without a redundant leg are studied. It is demonstrated that there is in fact
the possibility to have a generalized control and fault detection scheme for a fault-tolerant six-leg back-to-back converter without
redundancy. In such a topology and after a fault, the conventional six-leg converter operates with five legs and continues to
supply the load. The five-leg converter topology is already proposed for applications such as AC/AC converter for a three-phase
induction motor drive [23, 24], control of two three-phase machines [25] and reversible fault-tolerant AC motor drive systems
[26]. Its application in a DFIG-based WECS is investigated and compared to a back-to-back six-leg converter in [27].

In this paper, a six-leg back-to-back fault-tolerant converter without redundancy in WECS with DFIG is studied. Suitable
fault-tolerant control strategy is presented and it is shown that such a Fault Tolerant System (FTS) might be interesting and
efficient for this application.

In the following, first an introduction to fault-tolerant operation is presented in section Il. The proposed FTS and
reconfigurable back-to-back converter, in terms of architecture and control strategy, are also discussed in this section. Simulation
results are provided in section 111 to demonstrate the performances of the studied system. The experimental set-up which allows
validating the whole study of the DFIG-based WECS in faulty condition is investigated in the same section. All simulation and
experimentation results are then discussed. Finally, some conclusions on this work are provided in section IV.

Il. PROPOSED FAULT-TOLERANT SYSTEM

A. General approaches to Fault Tolerant Systems

There are two general approaches in order to make a system fault-tolerant, either with or without redundancy. In a FTS with
redundancy, after fault detection and upon reconfiguration, the faulty part is removed and replaced by the redundant one. In this
case, the system structure is unchanged after the reconfiguration and thereby the same operation capability can be guaranteed
after a single fault occurrence. However, redundancy in not always necessary and in some cases a degraded performance may be
acceptable after a fault. In these cases, a suitable reconfiguration might be enough to assure the minimum required performance.
Fig. 1 shows the general outline of FTS. The redundant part and its switching mechanism are shown with dashed boundaries in
this figure, as they are not present in FTSs without redundancy. This approach is taken here to propose an FTS without
redundancy, based on a 6/5leg reconfigurable converter.
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Fig. 1. General presentation of a fault tolerant system.
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B. 6/5 leg converter topology

Fig. 2 shows the studied FTS. In this case, no redundant part (switch and driver) is used. Reconfiguration in the hardware
(converter) is done by using bidirectional switches (TRIACs here), which makes possible to transform the converter structure
from six to five-leg. In normal (pre-fault) operation of the converter, the converter is a conventional back-to-back and the three
bidirectional switches are all open. Once a fault has been detected, the Fault Tolerant Control (FTC) switches on the suitable
TRIAC to reconfigure the converter’s topology, and the converter stays in the 5-leg mode until the maintenance. Software
reconfiguration is also necessary in PWM signal generation unit, to assure that proper gate signals are calculated and generated
based on the actual structure, as will be explained later in this section.
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Fig. 2. Studied fault-tolerant system.

There are different options for the bidirectional switches used in this structure. Any solid state bidirectional switch such as
TRIACs, an IGBT associated to a diode bridge or common collector or common emitter connection of two IGBTSs can be chosen
[28]. In this study, TRIACs are used in order to remain cost-optimized.

It should be noted that the voltage producing capability in the five-leg converter is lower than in the six-leg converter. It means
that with the same dc-link voltage, smaller three-phase voltages at the AC terminals can be produced, compared to the six-leg
converter [27]. Also the current rating in the shared leg of the converter is larger than in the other legs. Therefore, when
designing the fault-tolerant converter, careful considerations must be taken into account to have the desired performance after
reconfiguration, either by increasing the dc-link voltage or by changing the control strategy to decrease the required voltages [24,
29-30]. A proper current rating of the shared leg has to be also consisdered. These studies can be found in an earlier contribution
[27], where for a WECS with DFIG, different schemes for the minimization of the required dc-link voltage in post-fault mode
are discussed.

C. Reconfigurable Control of the converter

Any conventional PWM method can be used for the control of the (pre-fault) six-leg converter. Upon the fault detection and
reconfiguration, the faulty leg is disconnected by putting the two gate signals to zero, and one of the remaining healthy legs will
be shared between the two sides of the converter. Among the several PWM approaches studied in the literature for this 5-leg
post-fault topology, the method proposed in [23, 26] seems simpler for practical implementation, and also it produces less
harmonics. Therefore this approach is adopted here. First, voltage reference signals vy; (x e{a, b, c}, ie{1,2}) for the two sides of
the converter are calculated using the proper methods depending on the targeted applications. A Zero Sequence Signal (ZSS) is
then added to these voltages to form the modulation signals. Adding a ZSS will not result in the change of the output line-to-line
voltages, therefore it can be used as a degree of freedom to reduce the current harmonics and improve the dc-bus utilization.
While different ZSS calculation methods are proposed in the literature, a few of them have gained wide acceptance. The most
widely used ZSS for a three-phase system is calculated as below [31]:

V(1) = —1/2(max (v (t) + vpi () + v (1)) + min(vg; (£) + vy (1) + ve (1)) )

where v,; (ie{1,2}) is the ZSS for side “i”. This value is then added to the three voltage references to form the modified
references:

Uyi (8) = vy () + v, (8) @)

The number of voltage references must be reduced from 6 to 5, to match the number of the post-fault converter legs. This
reduction can be made by using an inverse lookup table [23]. In [29], this is realized by adding another level of ZSS addition
corresponding to the converter configuration in the five-leg mode. As an exemple, assuming that the two legs “c” of the two
sides are connected in the five-leg mode, the new voltage references are calculated by:

Va1 = Vg1 + V25 Vg1 = Vp1 + Ve
Vaz = Va2 + V15 Vg2 = Vpa + Vg ®)
Ve = Ve + Ve

For each side of the converter, the same signal is added to all three reference values and therefore the fundamental output

voltage will not be affected. Fig. 3 depicts the principle of PWM in this case. The ZSS addition for a three-phase converter (see
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eg. (1), (2)) is shown in Fig. 3(a). This ZSS addition will be carried out for the two sets of voltage references at the two sides of
the converter, and then by using (3) the final set of five voltage references will be calculated and sent to the PWM unit, as shown
in Fig. 3(b). An example of five-leg voltage reference generation from two sets of three-phase voltage references is shown in Fig.
4.
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Fig. 3. Principle of PWM control module: (a) for a three-phase converter; (b) for a 5-leg converter when the legs “c” are shared.
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Fig. 4. Example of five-leg reference generation; (a): two sets of three-phase references; (b): two ZSSs; (c): resulted five-leg references.

VA1

D. Grid and Rotor side Voltage reference generation

The control unit is responsible for the production of the voltage references to be used in the PWM blocs. Here, the voltage
references for the grid side converter (GSC) and rotor side converter (RSC) are calculated based on the classical vector control
strategies, similar to what is presented in [27], [32]. Control of RSC is especially important for the dynamic of the system. Fig. 5
shows the block diagram of the RSC control. Here Q; is the reference for the stator reactive power, T, is the reference for
electromagnetic torque of the DFIG, ¢, is the stator flux, and i, and v, are rotor current and voltage respectively. Subscripts ‘d’
and ‘g’ represent the variable in ‘d” and ‘q’ coordinates of the Park transformation. w, is the rotor signals pulsation; L, L,, and
L, are total stator inductance, magnetizing inductance and total rotor inductance respectively [27]. The reconfigured voltage
reference generation and PWM can be explained as the flowchart shown in Fig. 6, which uses the six voltage references for the
six legs of the converter, and the fault’s location.
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Fig. 6. General form of the reconfigured voltage reference and PWM control signals generation.

Required changes in the references might be necessary since the voltage production capability of the five-leg converter is
lower than that of the six-leg converter. For WECS with DFIG, it is shown in [27] that the required DC voltage can be decreased
by careful consideration of the DFIG’s slip and reactive power production. However, in this study, the DC-link voltage is
considered large enough to provide for the required voltages for both six and reconfigured five-leg converter, as this aspect has
been already studied and published [27] and is not the main objective of this paper.



OO ~NOoO ok~ WN -

el ol
UM WNRERO

38
39

E. The reconfigurable control

The proposed reconfigurable control for the fault tolerant operation of the WECS is shown in Fig.7. Any convenient digital
controller (e.g. DSP) may be used for the control and data acquisition purposes. Here, a dSPACE real-time control system is
used. This type of controller is being widely used both in academic and industrial implementations thanks to its powerful control
capabilities and ease of use that results in drastic reduction of prototyping time. The dSPACE is responsible of the production of
the voltage references and PWM signals, and will change the PWM mode once a fault has been detected in the system.

On the other hand, the fault detection and compensation strategy must be carried out as fast as possible, to minimize the
undesirable effects of the fault like discontinuities and transients on the system. Also it is very important for the monitoring and
fault detection schemes to be performed in parallel with other control tasks. FPGAs have an inherently parallel structure and can
execute all their tasks simultaneously by hardware implementation of the design [33]. This characteristic can lead to a drastic
reduction in execution time [34]. Moreover, processing at logic level enables real-time monitoring and immediate compensation,
which is essential in fault-tolerant applications. Hence, FPGA appears to be an excellent choice for the fault detection target in
our application. It constantly monitors the system and upon fault detection sends the fault data to the dSPACE controller. The
controller then switches from 6-leg to the proper 5-leg control mode. Moreover, gate signals are calculated by the dSPACE, but
they are controlled directly by the FPGA, so the gate signals of the faulty leg are put to zero very quickly after the fault detection,
and the effect of fault on the system can be minimized.

e e e
s R
; S SSel | RSC GSC >
Voltage reference > SI;XW_I:IIS |18/12 5;5/51,251 S ! |
" » |
generation for GSC o Switch Gates| | =4 _,@ + _{G . |
i l
| |
| |
Voltage reference Five- To-Ts : < @ < 3
generation for RSC [T75 leg |1/10 —/3— |
i (Triacs) Fault-tolerant Converter
]
Vder Viom I Measurements

Fault information
Fig.7. Proposed reconfigurable control.

F. Fault detection method

For open-circuit switch fault detection, the method of [16, 17] is used throughout this study. In this method, fault in each leg is
diagnosed by comparing the measured and estimated pole voltages. Since, in reality, due to measurement and discretizing errors,
the voltage error is not zero even during normal operation, two adjustments are employed to compensate for the effect of the
measurement errors and delays to avoid false fault detection. Here, first the absolute value of the error between measured and
estimated pole voltages is calculated. Then, this value is applied to a comparator with a threshold value ‘h’, to determine if the
difference between the measured and estimated voltages is large enough to be considered as an error. Then, this signal is applied
to an up-counter that computes the number of pulses while the output of the first comparator is high. The output of this up-
counter corresponds to the time during which vy, (measured voltage) and wvy,.s (estimated voltage) are different.
Consequently, the fault occurrence is detected using simultaneously a “time criterion” and a “voltage criterion”. To do this, the
up-counter output is applied to a second comparator with a threshold value of ‘N’. In this way, false fault detection due to
semiconductor switching and inherent system delays is avoided and fault can be detected very fast. Fig. 8 shows the mentioned
fault detection principle. The parameter h should be chosen to differentiate between normal and abnormal voltage readings, so it
is fixed at Vy4/2. The parameter N should be chosen in such a way that NT, is larger than all delays in the control loop, where T,
is the sampling period of the system. Here, the sampling period is chosen equal to 1 ps, corresponding to the FPGA operation
frequency, i. e. 1 MHz. The same FPGA frequency is also used in the experimental set-up, as will be explained in Section III.
Since in the experimental set-up the maximum total delay of the system is less than 10 us, consequently N is chosen equal to 30,
corresponding to NTc = 30 ps. The same value is used in both following simulations and experimental tests.

Vienm_¢
vknes <h reset‘_ Counter

v
de ™ Voltage

Estimation

Fault
detection

T, =

Fig.8. Fault detection scheme.
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I1l. VALIDATION AND RESULTS

In order to verify the effectiveness of the proposed FTC, computer simulations and experimental tests are carried out. The
results are presented and discussed in the following.

A. Simulation results

The system of Fig.2 and the associated FTC of Fig.7 are simulated in MATLAB/SIMULINK environment. Fixed step-size of
1 us is used in the simulations. Figs. 9 to 14 show the obtained results. First, an open-circuit fault is applied in S5 in RSC at
t=2.5s. Voltage error (absolute value of u in Fig. 8) is given in Fig. 9. In normal operation of the converter, this error is visible
only at the switching instants, while after fault occurrence, the error has a large value for a considerable duration. The output of
the fault detection counter (Fig. 8) is proportional to the duration of this error, and is depicted in Fig. 10.

When the fault detection counter reaches the threshold value of N = 30 (i.e. 30 us), the fault is declared, and the
reconfiguration starts immediately. Fig. 11 shows the three-phase rotor currents. It can be verified that they are controlled
effectively after reconfiguration. It should be noted that in order to evaluate the converter’s ability after reconfiguration, a step
change in the reactive power reference of the WECS is applied at t=2.8 s. Stator active and reactive powers are shown in Fig. 12.
The reconfigured system is capable of following the active and reactive references.

For an open-circuit fault applied in the GSC (S5’ at t=2.5 s), other simulations are carried out. GSC currents before and after
fault occurrence are provided in Fig. 13. It can be verified that the fault has had almost no effect on them. One can observe that
the DC-link voltage is also perfectly controlled by the GSC after reconfiguration, as depicted in Fig. 14.

TTTI T
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Fig. 9. Voltage error for a fault at RSC in S; at t=2.5 s
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4000

Fault Occurrence —»!

g

Rotor Currents (A)
&
8
8 o

4000 L L L L L L
246 247 248 249 25 251 252 253 254

t(s)
Fig.11. Rotor currents for a fault in RSC in S; att=2.5 s
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Fig. 12. Stator active and reactive powers before and after fault occurrence and reconfiguration.
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B. Experimental results

In order to validate the proposed fault-tolerant WECS more thoroughly, experimental tests are carried out. An experimental
set-up is developed in our laboratory for this purpose (Fig. 15). As it was depicted in Fig. 7, while the diagnosis algorithm is
implemented on an FPGA to assure fast fault detection, converters control is realized by using a dSPACE real-time controller. In
healthy operation the FPGA gets the switching commands from dSPACE and applies them directly to the converters. When a
failure occurred, after fault detection by FPGA, the gate commands of the faulty leg are set to zero, and the fault information is
fed back to dSPACE. The modified switching commands will then be calculated in dSPACE, as shown in Fig. 3.

dSPACE

-l
T
Machine @

Voltage Source

Voltage and Current Sensors

DC machine and DFIG

Oscilloscopes e\ M AR %% P, Pt cc

FPGA and Interface boards

Fig. 15. Experimental set-up

Two commercial three-phase two-level converters are used in this set-up, and the proposed fault tolerance is realized by
connecting the corresponding AC side outputs with three TRIACS, as shown in Fig. 2. IGBTs are SKM50GB123D of
SEMIKRON, and are controlled using SKHI22A drivers. The total capacitance placed at the DC-link is 2200 uF. The fault-
tolerant converter is connected from one side to a three-phase sinusoidal source that represents the power grid, via a three phase
inductance of 3mH and resistance of 0.4 Q. The other side of the converter is connected to the rotor of the DFIG. The DFIG
parameters are provided in Table I.

TABLE I. Parameters of the DFIG

Parameter Value
Nominal power 4 kKVA
Stator resistance 1.680
Rotor resistance 0.39Q
rotor to Stator turn ratio 0.385
Stator leakage inductance 15 mH
Rotor leakage inductance 6.78 mH
Magnetizing inductance 0.294 H
Number of Poles 4

For voltage sensors, LEM CV3-1200 is used. AMPO2E op-amp amplifies the sensor output voltage. The measured voltage is
then digitalized using an Analog to Digital Converter, ADC, ADS7810. The logic states at the output of the ADC are memorized
during the conversion process using SN74HC174N D-type flip flops. In this experimental set-up, the maximum total system
delay (delay of IGBT and driver, ADC, sensors, interface circuit, etc.) is less than 10 ps; therefore, as explained before, to avoid
false FD, observation time is chosen equal to 30 ps to assure robust yet fast fault detection.



Stator active and reactive power references are set at 1kW and OV Ar, respectively. First, an open-circuit fault is applied on the
“S3” switch of the GSC. DFIG slip has been equal to 20%. The open-circuit fault is realized through the control signal of the
switch. Fig. 16 shows the GSC three-phase currents. Fault occurrence moment is visible in this figure (around t=4.94s). It can be
verified that the AC currents are effectively controlled after fault detection and reconfiguration. Rotor currents are shown in Fig.
17 and it can be noted that they are not affected by the fault, so are the stator active and reactive powers, as shown in Fig. 18.
DC-link voltage is also shown in Fig 19. All these results attest to the effectiveness of the proposed FTS. Fault detection signals
are shown in Figs 20 and 21. It can be seen in Fig. 20 that the fault detection has been instantaneous, and the current of the faulty
phase is well controlled after reconfiguration. Zoomed view of the detection signals are provided in Fig. 21. After
reconfiguration, switching commands of the common-leg are determined based on the 5-leg PWM method, therefore the
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Fig. 20. Fault detection for an open-circuit switch fault in S;" (from top to bottom): i, (5 A/div), Fault signal, Fault detection — Time scale: 20ms/div.
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For an open-circuit switch failure applied in S; in the RSC, rotor currents are shown in Fig. 22. They are also perfectly
controlled after reconfiguration. This is also true for active and reactive powers and DC-link voltage, as shown in Figs 23 and 24.
Fault detection signals are shown in Figs 25 and 26. Faulty phase current and the current of the TRIAC T, (see Fig. 2) are shown
in Fig. 25. Zoomed view of the fault detection signals are provided in Fig. 26. As it was expected, fault is detected in 30 us.
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IV. CONCLUSION

In this paper, a fault-tolerant scheme for a WECS based on DFIG is proposed. Using three additional bidirectional switches
(TRIACs in this study), the back-to-back converter of the DFIG can continue to operate after an open-circuit failure in one of the
switches. Fault detection must be very fast; therefore an FPGA-based method is used for this purpose. However, WECS’s control
can be implemented on a software-based digital target. Upon fault detection, appropriate changes must take place in software and
hardware of the system. Topology reconfiguration is carried out using the three additional TRIACs. Software changes are based
on a specific PWM method with double zero sequence signal injection, and use the fault’s information delivered by the FPGA to
the processor. An experimental set-up is specially built for this study, and a dSPACE is used for the control. Experimental results
are in accordance with simulation ones, and testify to the effectiveness of the proposed fault-tolerant WECS. The proposed FTS
is capable of quickly detecting the open-switch failure and isolating it, so that the other parts of the system are not affected by the
anomalies related to this fault. By making the necessary reconfiguration in the hardware and software parts of the WECS, it is
possible to continue to produce for electricity after fault occurrence. All voltages, currents and powers are efficiently controlled
after reconfiguration. Then, the reliability of the whole WECS is highly improved.
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