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The detection of faults in a wind turbine chain is of prime importance
in order to maintain safety, enhance reliability and improve economic
performance. In addition, wind systems have to ensure a continuity of
service for a considerable period of time in the event of an electrical
fault in the network or a fault in one of the elements of the
electromechanical conversion system. This paper presents a fault
detection methodology of the power converter within a wind turbine
chain, equipped with a Doubly-Fed Induction Generator (DFIG). A
configurable, fast, and accurate scheme is developed, the basis of
which is the reliable identification of the failed switch. The solution
proposed in this work involves the deployment of a redundant arm in
the event of a fault; the replacement arm is utilized while waiting for a
maintenance or repair operation to be carried out. The approach

developed in this paper provides continuity of service after the
occurrence of a fault in the network system and fault detection time is
reduced. The validity of the proposed identification methodology is
assessed by means of simulation of the model of a wind turbine
conversion system.

This is an open-access article under the CC-BY-SA license.

1. Introduction

Currently, because of the diminishing reserves of fossil fuels, many countries around the
world are shifting to renewable energy resources in order to produce electricity. Wind energy
is one of the fastest-growing energy sources throughout the world. A study carried out in 2017
in [1] revealed a growth of 10 percent in cumulative installed capacity, compared to the
previous year, Wind Power Capacity reaches 539 GW, 52,6 GW added in 2017. This is the third-
largest number ever installed within one year, after the record years 2015 and 2014.

As the power from installed wind turbines increases on a year-by-year basis, energy
suppliers can no longer tolerate a disruption in the supply of energy due to failures (electrical
or electromechanical faults) in generating equipment. The need to maintain a stable network
has led them to look for ways to mitigate the effects of these failures. The defects that may arise
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in the electromechanical conversion chain are largely due to the failure of control elements in
close proximity to the converters or the power component itself (IGBT type). This defect can
lead to a total or partial loss of phase current control [2]. Moreover, if the fault is not detected
and repaired quickly, the resulting damage to the converters will almost certainly lead to a
malfunction of the entire wind generation system. Such a failure will require the disconnection
of the wind generator from the network and a consequential loss of service until a repair and
maintenance operation can be carried out.

Recently, the behave us of static converters during the failure of a power semiconductor has
been the topic of many academic publications. These include the work introduced in [3],
involving a methodology based on the use of additional voltage sensors for the detection of
open-circuit or short-circuit faults. It was shown in this study that the measurement of the three
voltages between each phase of the converter and the midpoint of the two capacitors of the
continuous source, thereby facilitating a comparison with estimated voltages, allowing the fault
to be detected in a quarter of the period of the fundamental phase currents.

Table 1 lists the detection time for the various methods described above when applied to an
electrical machine. As shown, the number of additional sensors is the same for all methods,
according to many academic publications.

Table 1. Comparisons of fault detection methods

Principal of the method, Application Detection Number of additional
according to many publications domain time Sensors
[3] Electrical machine >5ms 3
[4] Electrical machine >5ms 3
[51[6] Electrical machine >5ms 3
[7] Electrical machine 10us 3
[8] Electrical machine 10us 3

In [4], the voltages measured at the terminals of the switches, mainly at the bottom of each
arm, were used to detect defects. In addition, the above study demonstrated how these
measured voltages and their comparisons with a threshold allowed the fault to be detected in a
quarter of the period of the phase currents.

Moreover, ref. [5][6] introduces a scheme that involves close commands (or "drivers") for
each of the arms of the converter incorporating a circuit for detecting short-circuits faults. The
driver rapidly detects the fault, and at the opening, the semiconductors of the short-circuited
arm impose their control commands at zero.

In [7], a method implemented in the drivers has been proposed for the detection of a short-
circuit occurring in an arm. This is based upon an approach that is applicable to all industrial
drivers: the measurement of the voltage drops at the terminals of the switches. The time
response for this protection, typically being a few microseconds, is usually configurable and
adjustable by discrete components that are external to the driver. In a practical situation, the
voltage error cannot be zero at all times because of the voltage drops at the terminals of the
switches, these being due to the effects of the switching and the blackouts of the drivers. Thus,
the voltage error is characterized by peaks. If these peaks are not filtered, then a fault can be
detected during a commutation.

The work presented in [8] involves an approach that uses an additional time criterion to
perform the filtering. In order to avoid these detection errors due to the commutation of the
switches, this study proposes transforming the voltage error signal into a time error signal.

In this work, we will first propose a new and fast technique for detecting a fault in one of the
semi-conductors of a three-phase converter with a voltage structure without additional sensors.
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The case of short-circuit failure in one of the power semiconductor switches will be considered.
A graphical methodology to identify the faulty switch will be proposed which is based on the
shape recognition of the vector trajectory of the voltages in the axes a & 8 at the output of the
converter, where a defect can be detected in less than 3ps with a significant reduction in the
detection time. The fault detection method of short-circuit FDMSC in semi-conductors is
obtained by the identification of the signals. This method is based on the control laws that
consequently allow the optimal working of the wind turbine. Throughout this paper, the
following notations are used.

2. Method Proposed

2.1. DFIG Modelling

The DFIG is used in onshore wind farms. The main advantage of this machine is the fact that
this DFIG has its three-phase static converters sized for a part of its nominal power. Indeed, the
DFIG allows a range of operation of + 30% around the synchronous speed, which consequently
guarantees a reduced dimensioning of the static converters, as the latter are connected between
the rotor coil of the DFIG and the electrical network [9]. The three-phase static converters with
a voltage structure are the essential elements in the electromechanical conversion chain of a
wind energy conversion system. This is due to the fact that these converters enable the control
of the active and reactive power injected into the electrical network as a function of the wind
speed applied to the turbine blades. Fig. 1 seen the variable speed wind system and Table 2
presents the nomenclatures. The turbine drives the DFIG are equipped with rings or brush
systems through a multiplier, which is directly connected to the electrical network by the stator
[10][11].
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Fig. 1. DFIG based wind turbine connected to the grid

Table 2. Nomenclature

Qm Mechanical speed of DFIG (rpm)
(0] Speed of rotation of turbine (rpm)
Tm Mechanical torque of DFIG (Nm)
Rs, Rr Stator and rotor winding resistances
Is, Ir The inductance of the stator and rotor windings
Ms, Mr Mutual inductances
J Rotor moment of inertia
p Number of pole pairs
Ps, Qs Static active and reactive power
Pr, Qr Rotor active and reactive power
ws, wr Stator and rotor angular speed/pulsations
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The rotor of the DFIG is powered through a static three-phase converter. Independent
control of the active power and reactive power is carried out [12]. The equations of the stator
and rotor voltages of the DFIG in the Park reference frame are expressed as follows [13][14]

( dpsa

Vsa = Rglsq + d—; - 95¢sq
do .

Vsq = Rslsq + d_;q + O5¢sq

: K M

_ rd A

Vrd - errd + 7 - Qrd)rq
do .

\qu = Rylrqg + d_:q + 60y $ra

Under the assumption that magnetic circuits are linear and mutual inductances equal while
neglecting iron losses, the magnetic equations are given by

(d)sd =Lslsqg + Ml

{ bsq =Lslsq + Ml @
Gra = Lelrq + Mgy
brq = Lyl + Mg,
The mechanical equation of the machine is given by
dn
]EZTem_Tr_fQ (3)
And the electromagnetic torque, Tem is
M
Tem = pL_s (Ird¢sq - Irq¢sd) 4)

In order to ensure decoupling between the stator and the rotor, it is can to orient the stator
flux along the d-axis of the rotating reference frame

¢sa = ¢s and ¢sq =0 5)
And
M
Tem = _pL_Irq¢sd (6)
s

Using equation (5), the flux equation (2) can be re-written as

¢Psa = Lslsqg + Ml %
0 = LsIsq + erq

If the stator windings resistance is neglected, the two first equations of (1) become

dos
Vsd - dt (8)
Vsq = wss
Consequently,
VSd = 0
9
{Vsq = wsps = Vs ©)

Abada Zhour (A New Approach to Fault Detection in the Power Converter in Wind Turbine Conversion Systems)



International Journal of Robotics and Control Systems
432 ISSN 2775-2658
Vol. 1, No. 4, 2021, pp. 428-439

By using equation (2), one can show that

M ¢
(Isd = _L_Ird +L_S
N M S (10)
Isq = —L—Irq

Knowing that the equations of the stator active power and stator reactive power are

{Ps = Vsalsq + Vsqlsq (11)
Qs = Vsqud - Vsdlsq

By using equation in (9), equation (11) are reduced as

P = VsIsq
12
{QS = Vilsq ( )

Substituting the equation for the currents given in (10) into (12), it can be seen that

M
I = _V;L_Irq
" (13)
L@ =V hat %y

And from equation of (9), the following relation is obtained

%
¢s - w_s (14)

Therefore, equation (13) can be re-written as

M
IPS = —Vi1Ly
Ls
=—V,—I
le s Ls rd + sts

Expressions (15) show that the stator power P; is proportional to I,.; and the stator reactive
power is not proportional to I,.; due to a constant imposed by the network. Thus, these stator
powers Psand Qs can be controlled independently of each another and the relationship between
the rotor currents and the rotor voltages as:

sts
2 (16)

M
Ld)rq = Ly — L_S)Irq

MV,
Iqbrd = (Lr - MZ)Ird + -

By replacing both equations of (16) in (1), the following expressions are obtained

dl,q

Vrd= errd + O-Lr dt

— sowgl, L
MV, (17)

N

dr.,
Vg = Rylhqg + 0L, ar +sowgl, .4 +s

Or
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dlrd
Vrd = errd + O-LTW — €rq
dI. (18)
Vig = RpLq + oL, d—t‘* +e.q +eg
with
, erq = S0WsL, I
erq = SOWsLyIrq
cr=1—LL and MV, (19)
SHr eﬂ — S
Ls
Equation (18) can be re-written as
dlrd
Vrd + erq = errd + O'Lr_
i 20)
qu - em - EQ = errq + O'LTW

Fig. 2 shows the block diagram of the DFIG. It can be observed the d and g axes can be controlled
separately with their own controllers [15].
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Fig. 2. Block diagram of the DFIG

2.2. DFIG Control

In order to independently control the active and reactive powers, the employed control
strategy involves the setting of placing a regulation loop on each power component with a PI
regulator, as depicted in Fig. 3. Because of the low slip value, the coupling terms between both

control axes can be neglected and [16][17].
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Fig. 3. Block diagram of separate control of active and reactive powers
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The separate active and reactive power control using conventional can be seen in Fig. 4. It
can be noticed that the active and reactive powers follow the reference values, and any change
on one of these values does not influence the other.
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Fig. 4. (a) Power control of active and (b) reactive powers

Fig. 5 shows the internal structure of the inverter on the rotor side. Fig. 6 depicts the
trajectory of the voltages U, and U at the inverter output.
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Fig. 5. Structure two-level PWM inverters on the rotor side
200
150[--
100f--
50f----
.
00 f----

| i i
Mo w50

Ur-betta

Fig. 6. Signal of U«=f(Ug) at the inverter output
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3. Short-Circuit Fault Detection

This section presents a short-circuit fault at arm due to a failure of its switches witches of the
power converter, within a wind turbine chain, equipped with a Doubly-Fed Induction Generator
(DFIG). There depicted the signal Uq= f (Up) at the inverter output directly connected to the
rotor of the DFIG, and this signal varies according to different types of short-circuits.

This section presents a short-circuit fault at the half arm due to a failure of its switch. In Fig.
7(a), as to Fig. 7(f) are depicted the signal U, = f (Up) at the inverter output directly connected to
the rotor of the DFIG, and this signal varies according to different types of short-circuits. Each
of these figures tells us exactly which switch is short-circuited. Table 3 and Table 4 illustrate
DFIG and turbine parameters, respectively, which have been used throughout this work. This
approach is fast as it requires only one period of the fundamental phase voltages in order to
detect the fault. Subsequently, all six configurations are combined in a unique arrangement, as
shown in Fig. 8 and Table 5.

Table 3. The DFIG parameters

Parameters DFIG Values
Nominal power 20 KW
Rated Frequency 50 (Hz)
Number of pole pair 2
Coefficient of friction 0.0024N.m.s-1
Moment of inertia of the rotor of the machine ~ 0.53 Kg.m?
Stator Resistance 0.455 Q
Rotor Resistance 0.19Q
Stator Leakage Inductors 0.07H
Rotor Leakage Inductors 0.0213H
Mutual Inductance 0.034H

Table 4. The turbine parameters

Parameters Values
P 20KW
vnom 12 (m/s)
p 1.22 (Kg/m3)
R 3.6 (m)
Tpmax 0.475
G 6

Table 5. Detection of Short Circuited by Segment
Seg. AC Seg. FD Seg. AE Seg. DB Seg. EC Seg. BF Short circuited

1 1 1 1 1 1 Not fault
1 0 0 0 0 0 Kai
0 1 0 0 0 0 Kaz
0 0 1 0 0 0 Kb1
0 0 0 1 0 0 Kbz
0 0 0 0 1 0 Ke1
0 0 0 0 0 1 Ke2

4. Results and discussion

Fig. 9 shows simulation results of the active and reactive powers when a short-circuit fault
occurs in the switch K,;; of arm 1 of the converter on the rotor side. At the time t = 5s, it is evident
that the electrical protection of the wind turbine will react before these currents reach
excessively high values, thus putting the wind system out of order in order to avoid any
deterioration of the electrical equipment. This particular case shows the impact of the variations
of the powers generated by this type of fault when the electrical protections of the wind turbine
did not work properly. When a fault occurs in one of the rotor-side converter power
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semiconductors, it must be detected as quick as possible and the defective arm must be isolated

immediately.
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Fig. 7. (a), (b), (c), (d), (e) and (f) show short-circuits of Ky, K}, K;1, K., K41, and K, respectively
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Fig. 8. Fault detection by segment
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Fig. 9. (a) and (b) illustrate the active and reactive powers, respectively

If the detected fault is a short circuit, the defective arm is either isolated by the driver that

constantly monitors the operation of the switches or by fast fuses connected in series with each
switch of the faulty arm. After the fault detection and isolation of the faulty arm, a
reconfiguration module controls the bidirectional voltage and current switches Ka, b, c1 and
Ka, b, c2 (k ={1, 2, 3}) connected to the defective arms 1 or 2 for the redundant arm topology.
By closing these switches, the faulty phase is connected to the midpoint of the redundant arm,

as shown in Fig. 10.
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Fig. 10. Wind turbine with DFIG having floating arm

Steps that need to be followed in the occurrence of a fault are described as follows. In the

event of a fault which occurs at the numbered arm Ka, b, c1 or Ka, b, c2, the continuity of
service is performed according to the following steps:

YV VVVY

Segment detection

Defective numbered arm detection
The setting of commands of the two switches of the defective arm a, b or ¢ to "zero."
Closing of switches with redundant arm and application of control commands of defective
arm switches to both switches of the redundant arm

Stop the "fault detection" function as only one fault can be compensated
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6. Conclusion

In this paper, a methodology for identifying the short circuit fault in a power switch within
the power converter of the rotor-side wind power system has been proposed. This approach
enables the wind system to operate in normal mode despite the occurrence of a defect and thus
ensuring the continuity of its service. This fault detection method reduces significantly the
detection time compared to other schemes published to date. Indeed, a possible short-circuit
fault is detected only by the recognition of the shape of the voltage vector trajectory in the a-3
reference at the output of the rotor side converter. Simulation results have been used to analyze
this defect detection method. As the configuration and the conventional control of the three-
phase converters do not provide the continuity of service for the wind turbine in the event of
short-circuit faults in one of the converter components, these defects can lead to a malfunction
of the system or cause its disconnection from the network. Consequently, a robust fault-tolerant
wind energy system has been proposed, in which the rapid detection and identification of faults
result in the decommissioning of faulty arms and the connection of a floating arm in place of the
defective arm, thus ensuring continuity of service.
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