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Abstract: Wind energy has achieved prominence in renewable energy production. There-
fore, it is necessary to develop a diagnosis system and fault-tolerant control to protect the
system and to prevent unscheduled shutdowns. The presented study aims to provide an
experimental analysis of a speed sensor fault by hybrid active fault-tolerant control (AFTC)
for a wind energy conversion system (WECS) based on a permanent magnet synchronous
generator (PMSG). The hybrid AFTC switches between a traditional controller based on
proportional integral (PI) controllers under normal conditions and a robust backstepping
controller system without a speed sensor to avoid any deterioration caused by the sensor
fault. A sliding mode observer is used to estimate the PMSG rotor position. The proposed
controller architecture can be designed for performance and robustness separately. Finally,
the proposed method was successfully tested in an experimental set up using a dSPACE 1104
platform. In this experimental system, the wind turbine with a generator connection via a
mechanical gear is emulated by a PMSM engine with controled speed through a voltage
inverter. The obtained experimental results show clearly that the proposed method is able
to guarantee service production continuity for the WECS in adequate transition.

Key words: wind energy conversion system, active fault-tolerant control, permanent magnet
synchronous generator, sensor fault diagnosis, sliding mode observer

1. Introduction

The petroleum crisis and the increasing demand for energy, combined with the possibility to
reduce the supply of conventional fuels, have motivated progress in renewable energy research
and applications. Among renewable energy sources, wind energy is currently considered to
be the most useful natural energy source because it is abundant and clean [1]. Despite these
advantages, the efficiency of wind energy conversion is currently low, and the initial cost for
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its implementation is still considered high [2]. Therefore, the wind energy cost reduction is
essential for the rapid spread of the wind power generation through a more efficient, reliable
and cost-effective WECS [3]. Hence, the WECSs based on a PMSG show promising technology
because of their high efficiency and absence of an external excitation system [4—5]. Moreover, the
condition monitoring of these systems is considered to be an effective tool in reducing operational
and maintenance costs [6].

Wind turbine conversion systems are growing in size and complexity, and are made (increas-
ingly) of modern electrical devices. However, WECSs are generally subject to occurrences of
various faults [7-8]. A fault in the device or its power supply may cause a substantial risk, an
interruption in electricity production, equipment damages and may degrade the service quality
and systems reliability [6].

A fault is an abnormal condition, which can lead to deviation of voltages and currents from
nominal values or states [9]. There are many types of faults in electrical devices. Some are faults
of sensor devices. Since sensors are necessary to get feedback information in the wind energy
conversion systems (WECS), it is necessary to find out solutions to ensure the system service
continuity in cases of sensor faults. A key issue is to prevent local faults from developing into
system failures that may cause safety hazards, temporary suspension in production and possible
detrimental environmental impacts. This can be achieved by fault tolerance which means that
faults are compensated in such a way to prevent system failures [10].

There are numerous study results about fault detection and fault-tolerant control, most focused
on the faults of power semiconductors of inverters [11] and stator windings [12] of the motor
drives. But few of them focused on speed/position sensor fault-tolerant control, especially for
WECS application [13]. In [14] authors propose a fault detection and isolation (FDI) method for
current and rotor position sensors in the PMSG of a WECS. However, fault tolerant control is
not studied/addressed. In [15] the design of a fault-tolerant controller based on observers for a
PMSM drive is proposed. Two-stage extended Kalman filter (EKF) and a back electromotive-force
(EMF) adaptive observer (AO) are used to detect a position fault sensor. However, this method is
complex.

This paper presents an experimental study of a simple and effective active fault-tolerant
control scheme for WECS based-PMSG. The wind turbine with a generator connection via a
mechanical gear is emulated by a PMSM engine with controlled speed through a voltage inverter.
The proposed method can accurately detect mechanical sensor faults in real time and provides
useful information about the detected faults. In addition, this method exploits only the input/output
measurements which are available in the system without additional hardware complexity. The
proposed method combines a traditional controller based on PI controllers, a robust backstepping
control and a sliding mode observer for estimating rotor speed. The speed will be solely controlled
by the PI controllers for a nominal model without disturbances [16—17]. However, in the presence
of uncertainties or an external disturbance such as a fault, the backstepping robust controller will
be activated and the measured velocity will be replaced by the speed calculated by the observer
(sensorless control). This configuration improves system reliability and ensures availability of
the WECS by an effective detection of speed sensor faults and a good transition between the
controllers.

This paper is organized as follows: section 2 presents the control objectives of the system.
The sensor fault detection and the control reconfiguration are detailed in section 3. In section 4,
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the experimental results are presented. Finally an overall conclusion is presented at the end of the
paper.

2. Control objectives

The first objective is to carry out a wind turbine emulator to simulate the behavior of a wind
turbine with a PMSM. Indeed, the principle is the feedback control of the motor speed, in order to
follow perfectly the reference speed Q* calculated by the wind turbine model as shown in Fig. 1,
where G, is the gearbox ratio [18]. The second objective is to ensure service continuity of the
PMSG, while maintaining the performance and robustness of the PMSG by a hybrid speed sensor
active fault-tolerant control (AFTC). The control algorithm is evaluated in a test bed as illustrated
in Fig. 5.
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Fig. 1. Block diagram of the AFTC scheme

3. Active fault-tolerant control

3.1. Hybrid AFTC

In order to achieve system performance and robustness objectives of the wind turbine, we
propose a hybrid controller by switching between two controllers, where the proposed controller
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architecture can be designed for performance and robustness separately, which has the potential to
overcome the conflict between performance and robustness in the traditional feedback framework.
The controller is designed in such a way that the feedback speed control of the PMSG will be
solely controlled by the PI controller performance for a nominal model without disturbances. The
backstepping robust controller will only be activated in presence of uncertainties or an external
disturbance, such as a fault.

The general active fault-tolerant control scheme to a speed-sensor fault is shown in Fig. 1.
We use a PI controller in normal operation and a robust backstepping controller in the presence
of the fault. This structure is one of the AFTC approaches. The AFTC principle can be divided
into three steps: residual generation, fault detection and reconfiguration.

a. Residual generation

The residual signal ry, is the difference between the motor speed and the estimated speed given
by the sliding mode observer as shows Fig. 2. Then the diagnosis scheme is designed to detect
the fault occurrence from the residual value.

u Y,
System

Y r
Sliding mode observer y% é

Fig. 2. Residual generation block diagram

b. Fault detection

When the speed sensor is affected by a bias fault, the residual is simply compared with a
threshold to generate the binary control signal. The threshold is selected at 10 rad/s, which has
been determined as a multiple of the standard deviation in normal operation [19]. However, when
the measured speed delivered by the sensor is corrupted by noise, the residual is processed through
the scheme shown in Fig. 3. The fault indicator () is set to 1 only when the residual is larger than
the chosen threshold persistently over a certain period T, (in this case T, is chosen to be 0.1 s). This
configuration eliminates any false alarm caused by the measurement noise. Unlike the persistent
block used in [20], which is limited because it adds an additional heaviness to the computing
device (dSPACE), we propose a simple persistent-block implemented in Matlab/Simulink as is
shown in Fig. 4, where the persistence time delay is defined as the time response (7;) of the
transfer function.
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Fig. 3. Fault detection block diagram Fig. 4. Persistent block diagram
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c. Reconfiguration

In normal operation, the PMSG feedback speed control is solely controlled by the PI controller
performance. However, in the presence of the uncertainties or an external disturbance such as
a fault, the reconfiguring block activates the switching from the normal operation to the robust
backstepping-sensorless control. The backstepping controller and the sliding mode observer are
designed in the following subsection.

3.2. Robust backstepping control

The backstepping technique is a systematic and recursive method for synthesizing nonlinear
control laws. It uses the Lyapunov stability principle, which can be applied to a large number of
nonlinear systems. The objective of the nonlinear backstepping controller is to track the PMSM
speed with the appropriate choice of regulated variables. From [18] the control inputs have been
chosen in the PMSM Park reference frame as:

%

i
ug = K\Laeq + de—;’ + Ryig — weLyiy, (1)
i*
q , .
ug = KoLgeg + qu + Rgig + we(Laig + ¢f), 2)
where
t t
ad:ed+kdfeddt, sq:eq+kqfeth,
0 0
eq=i,;—1iq, eq =iy —iq

and K, K, are parameters introduced by the backstepping method.

They must always be positive and greater than kg, k, respectively, to attain the stability
criteria of the Lyapunov function. Thus the virtual control is asymptotically stable. Besides, these
parameters can influence the control dynamics; therefore, we must select them to ensure that the
current dynamics converge faster than the speed ones. The superscript “*’ denotes the reference
signal.

3.3. Sliding mode observer

Unlike conventional observers design, the sliding mode observer for estimating rotor position
angle uses only the electrical equations of the PMSG in the fixed coordinate (@, £) due to the
fact that angular speed and position information are ready to be extracted in this reference frame
[21]. The PMSG model in stationary (a, B) reference frame is:

Lo N e+ 3
ar LT LT L 3)
diﬁ R, 1 ug

- g + =, 4
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€a = —QFWe sin(be), 5)
ep = @rwe cos(fe). (6)

The variables (iy, ig and u,, ug) in the fixed coordinate frame (@, B) are obtained by the
Concordia transformation applied to measured three-phase electrical quantities (i4, ip, i and ug,
up, u.) of the PMSG as shown in Fig. 1. 6, is the electrical rotor position of the PMSG and L; is
its stator inductance where Ly = L, = Lg (because the studied PMSG has nearly smooth poles).

Equations (3) and (4) can be expressed in matrix form as follows:

ia,B =A ia/,B + B(uaﬁ - eaﬁ)a (N
where R |
B — 0
0 R 1 0 L]
Ly Ly

lopg = . P Ugp = s €ap = .
g g és

The sliding mode observer (SMO) is designed in the following form:

lop = Algp + B(ltap + 1 Zog + Z), (8)
where: .
p [ Zo ] —Ksign (iy — i)
1 Zs || —Ksign(ig—ip) |

In (8) Z., represents the equivalent control and Z represents the discontinuous control, / is
the feedback gain of the equivalent control, and K, generally positive (K > 0), is the switching
gain of the discontinuous control. The hat™indicates the estimated variable. The state model of
the equivalent control (Z.,), after filtering the components of the discontinuous control Z by a
low-pass filter (LPF), is given by the following expression:

. Z
Zog=| .1 : 9)

| e Zega + WeZg
—We Zeqﬁ + We Zﬁ

Zegp

It is noticed that its cutoff frequency w. must be properly designed with respect to the
fundamental frequency of the PMSG currents.
The sliding surface is selected as S = 0, where:

S =lop —iap -

By subtracting Equations (8) and (7) we can obtain the dynamic sliding mode motion equa-
tion as:

S=A.S+Bleag +1Zoq+2). (10)
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If the switching gain K is large enough to ensure the following condition:
§'.s<o, (1)

then the sliding mode occurs and we get S = 0 which implies:

€a
4 =
af ep

=-(1+DZ.,. (12)

The feedback gain / must be larger than —1 with any positive switching gain K, i.e. [ > —1,
which is the limit of the feedback gain of the equivalent control [21].

From (5) and (6), the angular rotor position 6, can be estimated using the equivalent control
Z.y as:

6, = —tan”! ("’_") ~ an”! (@) | (13)
ep eqp

After that, the rotor speed is calculated from the estimation of the rotor position using a

numerical derivation.

4. Experimental validation

In order to validate the developed method, a test bed has been set up. The used test bed
consists of a PMSG driven by an actuator composed of a PMSM, power inverter and control.
This set simulates a real wind turbine, by controlling the torque on the shaft and driving the
PMSG, which delivers the produced energy on a resistive load. A dSPACE DS1104 DSP system
is used to carry out the real-time algorithm. The used PMSM and PMSG are typically identical.
The parameters are presented in Table 1. The configuration of the experimental test bed is shown
in Fig. 5.

Fig. 5. WECS emulator: experimental setup
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Table 1. PMSM parameters

Parameter name Symbol Value Unit
Rated power P 1 kW
Rated voltage Vv 230 v
Rated line current 1 7 A
Rated rotational speed n 1500 rpm
Stator inductance L 4 mH
Stator resistance Ry 0.57 Q
Number of pole pairs p 2

Permanent magnet flux of 0.064 Wb
Viscous friction coefficient B 0.0039 Nm/rad/s
Inertia moment Jeq 0.00208 kg.m2

The used position sensor is a resolver; it is subjected to three types of faults which are:
exponential fault, offset fault and total resolver winding failure.

4.1. Exponential fault

In this experiment, the fault type is an exponential fault, which emulates a progressive bias
on the speed measurement following the model given below:

Q t < ton

Q= 1
m Q (1 — § (1 — e(_ls(l_ton)))) t > ton

(14)

where 7, is the activation time of the fault, Q,, is the angular velocity measured by the sensor,
and Q is its real value.

The PMSG speed response is shown in Fig. 6(a) where it illustrates the measured speed €2,,,,
the observed speed €, and the reconfiguration output speed Qarrc.

Before the occurrence of the fault, the residue is about O as shown in Fig. 6(c). However, at
t = 35, the residual increases gradually and exceeds the threshold value allowed att = 4.8 s. Then,
after a persistence time delay (about 0.1 seconds), the fault indicator signal varies from 0 to 1 as
shown in Fig. 6(b). The latter activates the switching between the control with the speed sensor
and without sensor. Figs. 6(d) and (e) show that the direct and the quadrature current responses of
the PMSSM are well controlled during the transition between the PI controllers and the non linear
backstepping one. Finally, the three-phase current of the PMSG is shown in Fig. 6(f) where it is
not affected before and after the reconfiguration.
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Fig. 6. System performance under position sensor fault (exponential fault): (a) PMSG speed; (b) fault
indicator; (c) residual signal; (d) direct current; (e) quadrature current; (f) three-phase currents

4.2. Offset fault

The sensor offset fault is a constant fault. It is modelled by a constant signal added to the
measured speed. The Fig. 7 shows the evaluation of the speed control system under a constant
fault which is applied at 4.85 s, where Q,, is the measured speed, Q is the observed speed and
Qarrc is the reconfiguration output speed which is used by the control loop.

In normal operation, the residual signal is always lower than the threshold as shown in
Fig. 7(c). However, when the residual exceeds the threshold value, the fault is detected and the
binary control signal varies from O to 1 after the persistence time delay (at 4.95 s exactly) as
shown in Fig. 7(b), which activates the switching between the PI controller (with speed sensor)



www.czasopisma.pan.pl P N www.journals.pan.pl

POLSKA AKADEMIA NAUK

494 A. Tahri, S. Hassaine, S. Moreau Arch. Elect. Eng.
80 ‘ ‘ ‘
Tt JE— Q= = Q| | 15 I 1 1 ] T T
g A
T 60 1 L
3 g
50 ’ ]
3 :
g 40 \ W 4 € 05F
" =
Ol L% 3
2 %F Persistence time P & 0
a20r
10 1 L 1 L L 1 1 - ~ 05 1 I 1 1 1 1 I 1 L

o
()
w
~
(3]
o
~
)
©
=)

=)

~

w

4 5 6 7 8 9 10
Times [sec] Times [sec]

(@ (b)

=3
S
T

n
S
T

S

Residual signal[rad/sec]

PMSM direct current [A]
(=]

=
T

1 L L 1 L 1 1 I L 5 1 1 L L 1 L I ! 1

0 1 2 3 4 5 6 7 8 9 10 0 1 2 3 4 5 6 7 8 9 10
Times [sec] Times [sec]
© (d)

=)

o

=)

Mxy A \%thfof
| \y'f J’ | f’%/\r%%n

\ .
47 48 49 5 5.1 52 53 5.4
Times [sec] Times [sec]

(e ()

&

PMSM quadrature current [A]
PMSG three-phase currents [A]

1 L 1 1 1 L ! 1

0 1 2 3 4 5 6 7 8 9 10 46

Fig. 7. System performance under position sensor fault (offset fault): (a) PMSG speed; (b) fault indicator;
(c) residual signal; (d) direct current; (e) quadrature current; (f) three-phase currents

and the robust backstepping-sensorless control. Figs. 7(d) and (e) show the response of the direct
and the quadrature PMSM currents, which are well controlled during the transition between the
PI controller and the backstepping one. Finally, the three-phase currents of the PMSG are shown
in Fig. 7(f), where they are not affected before and after the reconfiguration.

4.3. Total resolver winding failure

In this experiment, the mechanical sensor undergoes total failure. Before the fault occurrence,
the residual is approximately 0, as shown in Fig. 8(a), where Q,,,, Q and Q4rrc are respectively
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the measured speed, the observed speed and the speed used by the controllers. In normal operation,
the residual signal is always lower than the threshold as shown in Fig. 8(c). However, the speed
sensor fault occurs at 4.8 s, where the residual exceeds the threshold value, the binary control
signal varies from O to 1 as shown in Fig. 8(b), which activates the switching between the
PI controller and the robust backstepping-sensorless control (Qaprc = Q). Figs. 8(d) and (e)
show the response of the direct and the quadrature PMSM currents, which are well controlled
during the transition between the PI controller and the backstepping one. Finally, the three-phase
currents of the PMSG are shown in Fig. 8(f), where they are not affected before and after the
reconfiguration.
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5. Conclusions

In this paper, a position sensor fault has been studied and a diagnostic procedure has been
proposed and validated to improve the reliability and efficiency of the wind energy conversion
system and to guarantee service continuity under different position sensor faults. The control is
based on a hybrid of two controllers: a PI controller and a robust backstepping controller associated
with a nonlinear sliding mode observer. The proposed hybrid AFTC is able to guarantee service
production continuity for the WECS in good transition performance in presence of any speed
sensor fault (total resolver winding failure, constant fault, and an exponential fault), and under
variable velocity condition as in a real wind turbine situation. The proposed method has been
tested successfully in real-time using dSPACE 1104 platform. The obtained experimental results
confirm the accuracy and the efficiency of the proposed method. Finally, as a further improvement
of the WECS efficiency and reliability, it will be interesting to combine the proposed AFTC with
a diagnostic procedure of phase current sensor fault.
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