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Abstract: This paper deals with the design of an active fault-tolerant control based on observers for
a twin wind turbine, consisting of two wind turbines mounted on the same tower. We consider an
asymmetric conditions case, when only one turbine is affected by an inter-turn short circuit fault of
a permanent magnet synchronous machine. A diagnosis design is developed which combines the
fault estimation method together with an active fault-tolerant control. The main advantage of the
proposed method is to detect and correct the considered fault in a short time in order that the twin
wind turbine behaves as it does in the healthy case.

Keywords: diagnosis; active fault-tolerant control; twin wind turbine; electrical fault; permanent
magnet synchronous machine

1. Introduction

The huge amounts of electricity consumption and limited energy supply have spear-
headed the necessity of renewable energy as solar photovoltaics and wind turbines. In this
work, a new concept of a twin wind turbine (TWT), which is composed of two turbines
mounted on the same tower, is recalled [1]. It is intended to be used on offshore, where
severe conditions lead to the appearance of faults. The topic of fault diagnosis of wind
turbines during operation has been addressed increasingly in recent years. In fact, be-
cause of the non-stationary operating conditions and the variable load, wind turbines are
subject to many types of faults, such as blade faults, mechanical faults [2] and electrical
faults. Here we consider an electrical fault which affect only one turbine of the TWT.
The inter-turn short circuit is the most common fault in permanent magnet synchronous
machines (PMSM). The latter is usually related to insulation degradation, that grows and
leads to devastating consequences in a short period of time, even if an early detection and
diagnosis is not established. The considered fault, which influences only one turbine in our
case, leads to consider the problem of control of the TWT under asymmetric conditions.
For that, an active fault-tolerant control based on observers is developed. The principle of
the method is analyzed at two levels: the existence of fault and its severity are determined
(level 1), and the specific fault is then compensated to stabilize the system around a refer-
ence trajectory (level 2). Various works have picked up on the real-time detection of this
type of failure in the literature [3,4].

A motor current signature analysis (MCSA) technique for inter-turn stator fault detec-
tion have been reported in [5]. However, the MCSA is usually used on stationary analysis,
which leads to unsatisfactory results when they are applied under non-stationary condi-
tions [6]. To analyze non-stationary conditions, the discrete wavelet transforms (DWT) and
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the continuous wavelet transforms (CWT) are used in [7,8] to prove the time–frequency
features in the detection of a stator winding fault and a rotor imbalance fault in the wind
turbine. The DWT method has a powerful filtering capability for wind turbine signals.
The application of the DWT strengthens the viability of the proposed technique in detecting
the changes of wind turbine running condition. Indeed, the feasibility of detecting a wind
turbine mechanical fault through analyzing the generator power signal using the CWT
technique has been demonstrated. The wavelet analysis is capable of detecting the stator
turns fault under both stationary and non-stationary conditions. Nevertheless, it is still not
able to locate the fault position and to predict the fault severity.

In [9], a diagnosis method based on fuzzy logic is applied to detect inter-turn short
circuit and open phase faults in the PMSM of a wind turbine.

Apart from analyzing conventional vibration studies that are articulated on current,
voltage, torque and power signals [10], model-based methods, such as parity space tech-
niques, parameters estimation and observers methods [11] represent some of the most
successful fault diagnosis approaches. In fact, observers constitute an important tool which
can estimate outputs of the system even under faulty condition case. Specifically, sliding
mode observers which have been vastly used in many dynamic systems, such as robotics,
vehicles and motors. This method allows the identification of the fault and, furthermore,
its isolation. This foremost step is called a fault detection and isolation (FDI). For a linear
system, two sliding mode observers in cascade are considered in [12]. Observers-based
approaches, based on sliding mode techniques, are also reviewed in [13,14] to estimate the
system state variables asymptotically, in the presence of faults. For wind turbines, in [15],
an observer-based fault detection and isolation FDI approach using a Kalman filter is
developed for benchmark model. The same approach is used in [16,17] to detect sensor and
actuator faults and to estimate blade root moment sensor faults and pitch actuator stuck
faults, respectively. In [18], an observer-based fault detection approach for stator inter-turn
short circuit fault in doubly fed electric machine, based on dq-frame, is established.

This paper proposes an observer-based approach for a TWT under asymmetric fault.
Indeed, an active fault-tolerant control scheme based on abc-frame is developed in order to
compensate the imbalance caused by the fault and to be stable around the nominal equilib-
rium. As a main feature of this method, the equipment may be protected, and subsequently
the TWT continues operating under nominal conditions with acceptable performances.

The paper is organized as follows. In Section 2, the TWT in both healthy and
faulty cases is described. Section 3 presents our method of active fault-tolerant control.
In Section 4, simulation results highlight the interest of the proposed method. Conclusion
and open problems for future research are drawn in Section 5.

2. Problem Statement

The model of the TWT, patented by [1], is presented on this section in both healthy
and faulty cases. The principal notations used in this paper are given by Table 1.

Table 1. Principal notations.

Name Description Name Description

Ww wind speed Lh inductance matrix in healthy case
Rp blade radius L f inductance matrix in faulty case
ρ air density Emi electromagnetic force
β pitch blade Ωre f

i reference of the i-th angular speed
λ tip speed ratio δ severity of the fault
rs stator resistance d fault vector
L f h is the Lie derivative of h with respect to f [ f , g] = L f g−Lg f is the Lie bracket of f and g

ref is used for references.
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2.1. Healthy Twin Wind Turbine Description

As shown in Figure 1, the TWT is composed of two turbines mounted on the same
tower. The advantage of this structure is that its orientation in front of the wind is ensured
without needing an actuator. In fact, to keep this orientation while maintaining optimal
power production requires robust control. More details on the wind turbine description can
be found in [1]. The innovative concept, which is intended to be used offshore, is exposed
to variable wind speeds. The mechanical power computed from the kinetic energy and
the angular speed and aerodynamic torque applied to the rotor by the wind are, respectively,
given by Equations (1)–(3) :

Pi =
πρ

2
Cpi(λi, βi)R2

p(Ww cos(ψ− α))3, (1)

Ωi =
λiWw cos(ψ− α)

Rp
, (2)

Γai =
Pi
Ωi

=
πρ

2λi
Cpi(λi, βi)R3

p(Ww cos(ψ− α))2, (3)

Remark 1. In this paper, the index, i = {1, 2}, denotes the i-th turbine (i.e, the first and second
turbines, respectively).

Figure 1. SEREO concept—face (left) and top (right) views.

The angle α represents the angle between the wind direction and the fixed direction
and the angle ψ is defined as the angle between the horizontal axis of structure and the fixed
direction. Cpi is the power coefficient [19], characterized by nonlinear functions depend
on the pitch angle of blade βi and the tip speed ratio λi, which is proportional to the rotor
angular speed (see Equation (2)).

To extract the maximum of wind energy, the TWT must be oriented face to wind and
this is realized when the angle of orientation, ψ, attains its reference, α. It can be argued
that this orientation is the common input of the two turbines.

As it was mentioned, the orientation of the system in front of the wind is obtained
without need of an actuator. In contrast, it is made by the torque extracted from the
difference between forces generated by the two turbines, which enables system rotation
around its vertical axis. Thus, considering that ψ̇ is the derivative of ψ with respect to time,
dynamics of system rotation is defined by:

drψ̈ = − frψ̇ + (F1 − F2)`, (4)

In Equation (4), dr is the inertia moment, fr is the friction coefficient associated with
yaw motion, ` is the distance between the horizontal and vertical axis of structure, and
F1 − F2 is the difference between the two drag forces. The expression of Fi is given by the
following equation:

Fi =
πρ

2
Cdi(λi, βi)R2

p(Ww cos(ψ− α))2, (5)
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where Cdi is the drag coefficient, whose expression is given in the Appendix A by (A3).
To achieve optimal power production, power coefficients have to reach their optimum

Cpi
opt, which correspond to βi

opt and λi
opt [20]. Based on healthy assumptions, the two

turbines have the same power coefficient and the same optimal tip speed ratio,

Cp1

(
λ

opt
1 , β

opt
1

)
= Cp2

(
λ

opt
2 , β

opt
2

)
and λ

opt
1 = λ

opt
2 = λopt,

So, the same optimal pitch angle of blades β
opt
1 = β

opt
2 = βopt is adopted. Furthermore,

in this concept, the pitch angles are adjusted well to maximize power and to allow the rota-
tion of the system (drag force of each turbine depends on its pitch blade (1)). The dynamics
of the pitch angles can be given by the first-order system:

β̇i =
1
tβ
(βi

re f − βi), i = 1, 2, (6)

where the constant tβ represents the time constant of blades actuation system and β
re f
i is

the pitch blade reference

β
re f
1 = βopt + ∆β and β

re f
2 = βopt − ∆β.

The electrical part of the TWT, is equipped with two salient permanent magnet syn-
chronous machines. This type is widely used in such applications because of many features
as its high efficiency and compactness, simplification of construction and maintenance and
excellent dynamic response characteristics. For the healthy case, the three-phase permanent
magnet synchronous machine model in abc-frame [21] for each turbine, is represented by
the following equations:

Vi = <h
Li

Ii + Lh
i

d
dt

Ii +
d
dt

Eh
mi, i = 1, 2, (7)

where <h
Li

is given by:

<h
Li
=

 rs +
dLa(θei)

dt
dMab(θei)

dt
dMac(θei)

dt
dMba(θei)

dt rs +
dLb(θei)

dt
dMbc(θei)

dt
dMca(θei)

dt
dMcb(θei)

dt rs +
dLc(θei)

dt

. (8)

Ii =
[

iai ibi
ici

]T and Vi =
[

vani vbni
vcni

]T are, respectively, the current and
voltage vectors of the three phases related to the i-th turbine.

Assumption 1. For safety reasons, the three-phase voltages are limited by Vmax, for some Vmax > 0.

The electromotive force vector, Eh
mi =

[
emai embi

emci

]T , depends on the electrical
angular position, θei (

dθei
dt = Ωi), and on the flux linkage, φ, produced by the permanent

magnet, where:

emai = φ cos(θei), embi
= φ cos

(
θei −

2π

3

)
, emci = φ cos

(
θei +

2π

3

)
, (9)

The inductance matrix Lh
i also depends on the rotor electrical angular position, due

to saliency:

Lh
i =

 La(θei) Mab(θei) Mac(θei)
Mba(θei) Lb(θei) Mbc(θei)
Mca(θei) Mcb(θei) Lc(θei)

, (10)
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The inductance matrix, Lh
i , contains self inductance of each phase in its diagonal

La(θei), Lb(θei) and Lc(θei), and the mutual inductance, Mab(θei), Mac(θei) and Mbc(θei).
Details of inductance matrix terms are carried out by the following expressions:

La(θei) = L` + L0 + L1 cos(2θei), Mbc(θei) = Mcb(θei) = M0 + L1 cos(2θei), (11)

Lb(θei), = L` + L0 + L1 cos(2θei −
2π

3
), Mab(θei) = Mba(θei) = M0 + L1 cos(2θei −

2π

3
), (12)

Lc(θei) = L` + L0 + L1 cos(2θei +
2π

3
), Mac(θei) = Mca(θei) = M0 + L1 cos(2θei +

2π

3
). (13)

where L`, L0, M0, and L1 are constants denoting, stator leakage inductance, average value
of the winding magnetizing inductance, and the magnitude of the inductance variation
due to the non-uniformity of the air gap, respectively.

Remark 2. The inductance matrix is uniformly bounded over time (see Equations (11)–(13)).
In addition, it admits three eigenvalues which are different from zero and not dependent on θe.
Otherwise, the determinant is a non-zero constant and then the matrix is even invertible.

Considering that idi, iqi vdi, vqi are, respectively, the currents and voltages of the stator
for each turbine, Ld and Lq are the dq-axis inductance and p is the pole-pair number,
in dq-frame, we have:

didi
dt

= − rs

Ld
idi +

pLq

Ld
Ωiiqi +

1
Ld

vdi, (14)

diqi

dt
= − rs

Lq
iqi −

pLd
Lq

Ωiidi −
pφ

Lq
Ωi +

1
Lq

vqi. (15)

The interconnection between the input torque (aerodynamic torque) and the output
(electromagnetic torque) is ensured by the shaft of the electrical machine, and is given by
the following mechanical model:

dΩi
dt

=
1
J
(Γai − Γemi − fvΩi), (16)

where J is the total inertia, fv is the viscous friction and Γemi is the electromagnetic torque,
given by:

Γemi = p
(

Ld − Lq
)
idiiqi + pφiqi. (17)

Equations (14), (16) and (17) are used later in the health-control design. As previously
explained, the rotation of the TWT is ensured without need of an actuator. Consequently,
a control strategy must be developed in order to achieve three important objectives. To pro-
duce the maximum of electrical production, the first objective is to keep the whole structure
in front of the wind to extract the maximum of energy. Secondly, the rotational speeds of
the two wind turbines are controlled at a reference Ωre f

i , by keeping their tip–speed ratios
at their optimal values. Furthermore, finally, as the fatigues loads in the mechanical shaft
caused by the ripples of the electromagnetic torque can impact the produced electrical
power, one solution consists of forcing the direct current idi

to zero. To sum up, objectives
on the healthy case can be reaching by forcing the output, y, to zero, where Y is given by:

Y =
[

ψ− α id1 Ω1 −Ωre f id2 Ω2 −Ωre f
]T . (18)

2.2. Faulty Twin Wind Turbine Description

Taking into account electrical fault, inter-turn short circuit failure in the a-phase has
been studied in [20] to test the robustness of the control, based on the dq-frame. The same
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fault has also been examined with a different severity in [22] to develop an active fault-
tolerant control, based on the abc-frame.

In this paper, we assume that this fault persists on the three stator phases in only one
turbine. For the healthy case, where the three stator phases are symmetric and have the
same total number of winding Nt, the severity can be defined as the factor of the short-
circuited turns Nad , Nbd

and Ncd of the abc-phases devising by the total number of winding.
With respect to the severities, δa, δb and δc of a-phase, b-phase and c-phase, respectively,
the model can be written in the abc-frame as:

Vi = <
f
Li

Ii + L f
i

d
dt

Ii +
d
dt

E f
mi, (19)

where the matrix < f
Li

is given by:

< f
Li
=


(1− δa)

(
rs +

dLa(θei)
dt

)
(1− (δa + δb))

dMab(θei)
dt (1− (δa + δc))

dMac(θei)
dt

(1− (δb + δa))
dMba(θei)

dt (1− δb)
(

rs +
dLb(θei)

dt

)
(1− (δb + δc))

dMbc(θei)
dt

(1− (δc + δa))
dMca(θei)

dt (1− (δc + δb))
dMcb(θei)

dt (1− δc)
(

rs +
dLc(θei)

dt

)
, (20)

The electromagnetic force vector is given by

E f
mi =

[
(1− δa)emai (1− δb)embi (1− δc)emci

]T ,

and the faulty inductance matrix L f
i is given by:

L f
i = Lh

i − δa

 La(θei) Mab(θei) Mac(θei)
Mba(θei) 0 0
Mca(θei) 0 0

− δb

 0 Mab(θei) 0
Mba(θei) Lb(θei) Mbc(θei)
0 Mcb(θei) 0


− δc

 0 0 Mac(θei)
0 0 Mbc(θei)
Mca(θei) Mcb(θei) Lc(θei)

. (21)

Remark 3. For a healthy machine, the inductance has the same expression as the fault inductance
just by replacing the three severities of faults with zero δa = 0, δb = 0, δc = 0.

Assumption 2. The number of shorted turns is smaller than 50% of the total number of turns
per phase. This implies that δa, δb and δc ∈ [0, 0.5[.

As the fault cannot exceed the 50% (if not, then the faulty electrical machine will be
drastically damaged and thus the whole system will be influenced by the defect), the time-
varying inductance matrix L f

i is always invertible. In the considered case, the inverse of the
matrix is carried out numerically by reason of complicated equations.

2.3. Control Strategy

Concerning control strategies, one is used in [23], in the healthy case, based on the high
order sliding mode (HOSM) and modified in [20], when considering the faulty case (an
insulation degradation fault persists on only one turbine), based on a passive fault-tolerant
control. The limit of this latter control is that it can be exploited only for incipient faults.
Thus, if the defect exceeds 8%, the objectives of the control are not achieved.

Nevertheless, the appearance of the fault break reflects not only the symmetry of the
phases but also the symmetry of the two turbines. Consequently, if the severity of the fault
is important, the stability of the TWT is disturbed, which highlights the requirement of an
efficient fault detection method. Hence, an active fault-tolerant control is developed.
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The idea is once the fault exceeds 8%, the system switches to the proposed observer-
based active fault-tolerant control method. This latter will be able to pinpoint the inter
turn short-circuit fault quickly and precisely. Concerning control strategies, one is used
in [23], in the healthy case, based on high order sliding mode and modified in [20], when
considering the faulty case (an insulation degradation fault persists on only one turbine),
based on a passive fault-tolerant control. The limit of this latter control is that it can be
exploited only for incipient faults. Thus, if the defect exceeds 8%, then the objectives of the
control are not achieved.

Nevertheless, the appearance of the fault breaks not only the symmetry of phases
but also the symmetry of the two turbines. Consequently, if the severity of the fault is
important, the stability of the TWT is disturbed, which highlights the requirement of an
efficient fault detection method. Hence, an active fault-tolerant control is developed.

The idea is once the fault exceeds 8%, the system switches to the proposed observer-
based active fault-tolerant control method. This latter will be able to pinpoint the inter-turn
short circuit fault quickly and precisely.

3. Active Fault-Tolerant Control and Diagnosis Method
3.1. Active Fault-Tolerant Control

In this section, the active fault-tolerant control, “when the fault is known”, is developed.
Considering all faults equal to zero, the proposed control is also valid for the healthy system.
Taking into consideration an inter-turn short circuit on the three phases of PMSM in only
one turbine, the control based on dq-rotating frame will not be adequate. So, a new control
strategy based on abc-frame is adapted by depending on the direct current—indeed the
homopolar component (ihi =

1
3 (iai + ibi

+ ici ))—which must be assigned to zero in order
to respect the Kirchhoff laws. This approach leads to two additional states in the state
vector (ia1 , ib1 , ic1 , ia2 , ib2 , ic2 three-phase currents on each turbine are considered instead of
two-phase currents id1 , iq1 , id2 , iq2 ).

In the same way, two extra inputs are introduced (van1 , vbn1 , vcn1 , van2 , vbn2 , vcn2 in-
stead of vd1 , vq1 , vd2 , vq2). Therefore, an extended nonlinear system based on abc-frame is
given by:

ẋ = f (x, d) + g(x, d)u, (22)

where expressions of f (x, d) and g(x, d) are given in the Appendix A (Equations (A1) and (A2)),
the state vector x and the input vector u are given by:

x =
[

β1 β2 ψ ψ̇ ia1 ib1 ic1 Ω1 ia2 ib2 ic2 Ω2
]T , (23)

u =
[

∆β van1 vbn1 vcn1 van2 vbn2 vcn2

]T . (24)

Remark 4. As ∆β represents the difference between the two blade pitch angles, which is limited by
2π, and the three-phase voltage, Vi, which is also limited by Vmax, the input vector u in our case
is bounded.

Comparing to [22], the active fault-tolerant control has 7 objectives to achieve instead of
5. In fact, the two additional outputs ih1 = 1

3 (x5 + x6 + x7) and ih2 = 1
3 (x9 + x10 + x11) are

used to correct the asymmetry of phases and thus the expression of the new outputs vector:

y = h(x) =
[

x3 − α id1 x8 −Ωre f
1 ih1 id2 x12 −Ωre f

2 ih2

]T
, (25)

Note that id1 and id2 depend, respectively, on (x5, x6, x7) and (x9, x10, x11), with re-
spect to Park’s transformation. The successive derivatives of the outputs lead to the
following equation:

y(ε) = Λ(x, d) + Θ(x, d)u(x, d), (26)
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where y(ε) = (y(3)1 , y(1)2 , y(2)3 , y(1)4 , y(1)5 , y(2)6 , y(1)7 )T , with y(i) = diy
dti , for i ≥ 1. The control

is developed based on high order sliding mode, for that each output has its relative
degree ε = (ε1, ε2, ε3, ε4, ε5, ε6, ε7) = (3, 1, 2, 1, 1, 2, 1) related to (y1, y2, y3, y4, y5, y6, y7),
respectively.

The vector field Λ is given in the Appendix A (A5) and the decoupling matrix Θ is
given by:

Θ(x, d) =

 Θ1 0
Θ2

0 Θ3




Θ1 = −2ρπ(Ww cos(x3−α))2

drTβ
B(λ)

Θ2 = PiL
f
i
−1

Θ3 = PiLh
i
−1

,

(27)

where Pi is the Park’s transformation matrix. The decoupling matrix, Θ, is a square block
diagonal matrix in which the diagonal elements are three square matrices of (1× 1, 3× 3
and 3× 3) and the off-diagonal elements are 0. The second block is the product of the Park
transformation matrix and the inverse of inductance matrix of the faulty turbine L f

i and the
third block is the product of the Park transformation matrix and the inverse of inductance
matrix of the healthy one Lh

i . As a result, this matrix is regular, which leads to a following
decoupling control based on a new control ϑ (which will be detailed later):

u(x, d) = Θ(x, d)−1(ϑ−Λ(x, d)). (28)

Diffeomorphism
From the previously presented control scheme, we define the diffeomorphism Z = h(x),

which given as follows z1 = y1, z2 = ẏ1, z3 = ÿ1, z4 = y2, z5 = y3, z6 = ÿ3, z7 = y4, z8 = y5,
z9 = y6, z10 = ẏ6, z11 = y7 and z12 = β1 + β2.

z1 = x3 − α
z2 = x4

z3 = − fr
dr

x4 +
2πlρR2

p
dr

B(λ)W2
w(cos(x3 − α))2(x1 − x2)

z4 =
√

2
3
(
cos(θe)x5 + cos

(
θe − 2π

3
)

x6 + cos
(
θe +

2π
3
)
x7
)

z5 = x8 −Ωre f
1

z6 = 1
J (Γa1 − Γem1 − fvx8)

z7 =
√

1
3 (x5 + x6 + x7)

z8 =
√

2
3
(
cos(θe)x9 + cos

(
θe − 2π

3
)

x10 + cos
(
θe +

2π
3
)

x11
)

z9 = x12 −Ωre f
2

z10 = z6 = 1
J (Γa1 − Γem1 − fvx12)

z11 =
√

1
3 (x9 + x10 + x11)

z12 = x1 + x2

(29)

Knowing that
7
∑

k=1
εk = 11 < 12, there is a zero dynamics of dimension 1, which is ex-

pressed as:

ż12 =
2βre f

tβ
− 1

tβ
z12. (30)

The zero dynamics depends on the external input which is not directly influenced by
the defect. For that, the dynamic of zero, z12, is always input-to-state stable (input: βre f )
[24].

Definition 1. Consider an integer, ε ≥ 2, and for j = 2, . . . ε, define the vector, Zj = [z1, . . . zj]
T ,

the decreasing sequence of positive real numbers, rj = r1 − (j − 1), for some r1 ≥ 2, the non



Information 2022, 13, 113 9 of 18

decreasing sequence of positive real numbers αj, so that αj ≥ αj−1 ≥ · · · ≥ r1. Defining also,
for j = 2, . . . ε, the C1 r-homogeneous function:

σj =
⌈
zj
⌋ αj

rj + k

αj
rj
j−1

⌈
σj−1

⌋ αi
αj−1 (31)

where dcc being a function defined as |.|c.sgn(.), the index σ1 = dz1c
α1
r1 and k j ≥ 0.

Based on the definition and the diffeomorphism, the proposed controller in this paper
reads as:

ϑ = −Ky
⌈
σy
⌋µj,k =



−Kψ

⌈
σψ

⌋µ1,3

−Kiddz4cµ4

−KΩ
⌈
σΩ1

⌋µ5,6

−Kihdz7cµ7

−Kiddz8cµ8

−KΩ
⌈
σΩ2

⌋µ9,10

−Kihdz11cµ11


, (32)

where σpsi, σΩ1 ,σΩ2 can be calculated based on Definition 1 and the parameter µ reads as
the following adaptive law:

µj,k = max{1− γ
k

∑
j

|zj|
|zj|+ c

, 0}. 1 ≤ j, k ≤ 11, c > 0, γ > 1

The advantage of the active fault-tolerant control, that it makes the machine behave
as in the case where the three phases are symmetric and that way it enables the fault to
be compensated. In this section, we assume that the fault is known. Because this is not a
realistic case, we will treat the global problem in the next sections.

3.2. Fault Estimation

In this section, a fault detection method is developed in order to estimate the defect,
d. Coupled with the control designed in Section 3.2, the fault detection method gives
the possibility to design an active fault-tolerant control in order to achieve the reference
trajectory. The global fault vector, d, that contains the three-phase defects is carried out by:

d =
[

δa δb δc
]T . (33)

The monitoring sensors in the faulty model are x5, x6 and x7 (which correspond,
respectively, to the three-phase currents ia, ib and ic).

The idea here is to reorganize terms which are expressed linearly in function of the
defect in the right hand and which are independent on the fault in the left. Otherwise,
from Equations (7) and (19), and knowing that the defect is modeled in a linear way under
the following form:

< f
Li
= <h

Li
− ∆<L; ∆<L =


δa

(
rs +

dLa(θei)
dt

)
(δa + δb)

dMab(θei)
dt (δa + δc)

dMac(θei)
dt

(δb + δa)
dMba(θei)

dt δb

(
rs +

dLb(θei)
dt

)
(δb + δc)

dMbc(θei)
dt

(δc + δa)
dMca(θei)

dt (δc + δb)
dMcb(θei)

dt δc

(
rs +

dLc(θei)
dt

)


L f
i = Lh

i − ∆L; ∆L =

 δaLa(θei) (δa + δb)Mab(θei) (δa + δc)Mac(θei)
(δb + δa)Mba(θei) δbLb(θei) (δb + δc)Mbc(θei)
(δc + δa)Mca(θei) (δc + δb)Mcb(θei) δcLc(θei)


E f

mi = Eh
mi − ∆Em; ∆Em =

[
δaφ cos(θei) δbφ cos

(
θei − 2π

3
)

δcφ cos
(
θei +

2π
3
) ]T
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We can obtain relation (34) between the measurement vector, γ, and the fault vector, d,
which takes the form γ = D(x)d.

Vi −<h
Li

Ii + Lh
i

d
dt

Ii +
d
dt

Eh
mi︸ ︷︷ ︸

γ

= ∆<L Ii + ∆L
d
dt

Ii + ∆Em,︸ ︷︷ ︸
D(x)d

(34)

where D(x) is given by:

D(x) =

 D11 Rh
Li(1, 2)ibi + Lh

i (1, 2) dibi
dt Rh

Li(1, 3)ici + Lh
i (1, 3) dici

dt
Rh

Li(2, 1)iai + Lh
i (2, 1) diai

dt D22 Rh
Li(2, 3)ici + Lh

i (2, 3) dici
dt

Rh
Li(3, 1)iai + Lh

i (3, 1) diai
dt Rh

Li(3, 2)ibi + Lh
i (3, 2) dibi

dt D33

, (35)

For Dkk =
3

∑
j=1

Rh
Li(k, j)Ii(j) + Lh

i (k, j)
dIi(j)

dt
+ Emi(k). f or k = 1, 2, 3 (36)

Note that Rh
Li(k, j) refers to the element of the row, k, and the column, j, is related to

the matrix, Rh
Li.

Remark 5. If the matrix D(x) is regular, it is possible at the same time to solve the problem of
detection, isolation and estimation of the faults.

Assumption 3. The matrix D(x) is always invertible.

It is proved, numerically (because of the equation’s complexity), that D(x) is invertible.
In our case, the number of measurements is equal to the number of unknown uncertainties,
which can solve the left inverse problem by inverting directly the matrix D(x) in (34).

In this work, the estimation method is stable and the active fault-tolerant control is
also stable. Even so, what can we say about the global stability in the case of the coupling
of the two tools?

3.3. Observer-Based Active Fault-Tolerant Control

The diagram in Figure 2 provides a comprehensive summary of inputs and outputs of
the system, the concept of the proposed technique and the entire system, which is made up
of two turbines: a healthy turbine and a faulty turbine. After verifying the stability of both
control strategy and the fault estimation method, the two strategies are coupled in order to
detect the fault and to correct it at the same time.
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Figure 2. Diagnosis and fault-tolerant control diagram.

The diagnosis method focus only on one part of the global system, the dynamics of
observers—indeed the global model—are carried out by the following system: ẋ = f (x, d) + g(x, d)u(x, d̂)

˙̂d = −
∣∣∣d− d̂

∣∣∣0.5
sign

(
d− d̂

) (37)

The power coefficient 0.5 is used in order to reduce sensitivity to noise [25]. Neverthe-
less, if it is equal to 0, then the dynamical system becomes a first order sliding mode, and
the chattering phenomenon occurs at the equilibrium point. Furthermore, if this coefficient
is equal to 1, then the dynamical system becomes linear.

Remark 6. In (37), d comes from the algebraic resolution of (34), if we consider that this resolution
is carried out without computation and measurement noise, then we can use directly d in the active
fault-tolerant control, and there is no more stability problem due to the fact that d̂ is not always
equal to d in the control.

Theorem 1. Under Assumptions 1, A2 and A3, the closed-loop system (37) is exponentially stable.

Proof of Theorem 1. Note that, since the zero dynamic (i.e., (30)) is only exponentially
stable and does not depend on the fault d, the stability is proved only exponentially even if
all the other states are finite time stable.

Now, considering d̂ = d, the first equation of the system (37) becomes:

ẋ = f (x, d) + g(x, d)u(x, d), (38)

and this gives y(ε) = ϑ, which is finitely time stable, see [26]. Moreover, the dynamic
˙̂d = −

∣∣∣d− d̂
∣∣∣0.5

sign
(

d− d̂
)

is also finitely time stable.

Consequently, it is only sufficient to verify that during the time d̂ is different to d,
the state x remains bounded. This is equivalent to prove that the system (39) is locally ISS
with respect to ∆u.

ẋ = f (x, d) + g(x, d)u(x, d̂) = f (x, d) + g(x, d)u(x, d) + g(x, d)∆u. (39)

where ∆u = u(x, d̂)− u(x, d).
Note that ∆u is bounded by Assumption 1 and g(x, d) is bounded under the Assumption 2

(which is also detailed in the Appendix A). The local ISS property of the previous equation
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follows from the fact that, when d̂ = d (∆u = 0), the system (38) (or equivalently (29) in Z)
is finitely time stable (and therefore at least locally exponentially stable) together with the
fact that g(x, d)∆u is bounded (see [27] for more details).

This ends the proof of the theorem.

4. Simulation Results

The faulty TWT model extracted in the problem statement has been applied to evaluate
the performances of the proposed diagnosis method. In this section, simulation results,
using Ode1 solver in Matlab Simulink (Mathworks Inc., Natick, MA, USA) with a fixed
time step of 10−4 s, are performed and commented.

To quantify the influence of the faults on the outputs of the system, an inter-turn
short circuit fault is considered on one phase with a severity of 4%, which occurs after 7 s.
A passive control based on HOSM is used in this case [20]. As can be seen in Figure 3a, once
the fault appears, the three-phase currents of the faulty machine increase and the direct
current is not well controlled to be assigned to zero (Figure 3b). This is because the fault
breaks the symmetry of the three phases of the machine. In Figure 4, the angular speed
of the healthy machine follows its reference (the blue and the green curves are confused),
whereas the angular speed of the faulty machine does not reach its reference. Therefore,
if the fault exceeds 8%, then a new control method is indispensable to compensate the
fault and to keep the TWT in front of the wind. For that, an active fault-tolerant control
is proposed.

Figure 3. The effect of an inter-turn short circuit fault of severity 4% at time 7 s before the AFTC:
(a) the three-phase currents of the faulty machine and (b) the direct current of the faulty machine.

To prove the effectiveness of the proposed method, three faults are considered, respec-
tively, in the a-phase, b-phase and c-phase of the PMSM of only one turbine, with important
severities which are greater than 8% (30%, 16% and 10% of turns are short-circuited, respec-
tively, in the a-phase, b-phase and c-phase).
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Figure 4. Comparison between angular speeds of the healthy and the faulty machines before
the AFTC.

From Figure 5, the first fault is activated at the time 3 s, which affects the a-phase,
while the other faults are set to zero.

Figure 5. Diagnosis of inter-turn short circuit fault in the electrical machine of TWT: 30% of a-phase
turns are defected at t = 3 s.

After 3 s, 30% of the totality of turns is defected. At time 5 s, the second fault is started
and then after 8 s the third fault is setting off, which leads to the existence of three faults
simultaneously. For the second fault, 16% of turns are defected, whereas only 10% of turns
are defected on the c-phase (see Figure 6).
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Figure 6. Diagnosis of inter-turn short circuit fault in the electrical machine of TWT: (a) severity
= 16% of: b-phase at t = 5 sand (b) severity = 10% of: c-phase at t = 8 s.

In this case, a diagnosis method has been carried out: firstly, we are able to detect the
presence of faults, secondly, to identify and distinguish them from the obtained signals
and finally, the active fault-tolerant control has been implemented in order to ensure a
well-functioning of the system. With the presence of faults, the three-phase currents are
subject to increase and generate an uncontrolled direct current, idi

. With the AFTC, these
currents are well guided to attain their references, as shown in Figure 7.

Figure 7. The effectiveness of the active fault-tolerant control on the three-phase currents of
faulty PMSM.

5. Conclusions

In this paper, an active fault-tolerant control based on fault estimation was proposed
for a new concept of a TWT. Numerical simulations performed in MATLAB/Simulink
proved that the proposed AFTC design can ensure the stability of the electrical machine
currents output with and without a fault. In addition, the proposed approach makes it
possible to keep the whole system oriented to face toward the wind, despite the existence
of a fault on only one turbine. Moreover, the fault detection approach detailed in this paper
can be used for many other faults affecting wind turbines. For that, further work will be
required to apply the sparse recovery diagnosis method, while considering other types of
faults related to the operating conditions which the turbine is connected to.
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Appendix A

The vector f (x, d) and the matrix g(x, d) presented on the nonlinear system (22) are
expressed as:

f (x, d) =



β
opt
1 −x1

Tβ

β
opt
2 −x2

Tβ

x4
− 1

dr
( frx4 + (F1(x1, x3)− F2(x2, x3)))L L f−1
1

(
< f

L1

[
x5 x6 x7

]T
+ d

dt E f
m1

) 
1
J (Γa1(x1, x3)− Γem1(x5, x6, x7)− fvx8) Lh−1

2

(
<h

L2

[
x9 x10 x11

]T
+ d

dt Eh
m2

) 
1
J (Γa1(x2, x3)− Γem1(x9, x10, x11)− fvx12)



, (A1)
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g(x, d) =



1
Tβ

0 0 0 0 0 0

− 1
Tβ

0 0 0 0 0 0

0 0 0 0 0 0 0
0 0 0 0 0 0 0
0 0 0 0

0 L f
1
−1

0 0 0
0 0 0 0
0 0 0 0 0 0 0
0 0 0 0
0 0 0 0 Lh

2
−1

0 0 0 0
0 0 0 0 0 0 0



. (A2)

As Tβ is a constant, the two matrix L f
1 and Lh

2 are also bounded and always invert-
ible. This implies that the matrix g(x, d) is bounded by the inverse of their maximum
max

(
L f

1 , Lh
2

)
= Ll + L0 + L1.

The expression of the drag coefficient cdi
is given by:

cdi (λi, βi) = Ai(λi) + Bi(λi)βi, (A3)

where

Ai(λi) = a0 + a1λi + a2λ2
i + a3λ3

i and Bi(λi) = b0 + b1λi + b2λ2
i + b3λ3

i . (A4)

The constants ak and bk for k = 1, 2, 3 are equal, respectively, to:a0 = 0.25382, a1 = −0.1369,
a2 = 0.04345, a3 = −0.00263, b0 = −0.008608, b1 = 0.0063, b2 = −0.0015 and b3 = 0.000118.

Considering that C = ρπ
2 R2

pW2
wcos2(ψ− α), and with repect to the fault, the vector

field Λ(x, d) is given by:

Λ(x, d) =



− fr
dr

ψ̈ + B(λ)C
drTβ

l(β1 − β2) +
B(λ)Ċ

dr
l(β1 − β2) +

Ḃ(λ)C
dr

l(β1 − β2)

Λ2
1
J
(
Γ̇a1 − Γ̇em1

)√
1
3 ( f5 + f6 + f7)

Λ5
1
J
(
Γ̇a2 − Γ̇em2

)√
1
3 ( f9 + f10 + f11)


, (A5)

with

Λ2 =

√
2
3

([
cos(θe1) cos

(
θe1 − 2π

3

)
cos
(
θe1 +

2π
3

) ][
f5 f6 f7

]T − px8
[

sin(θe1) sin
(
θe1 − 2π

3

)
sin
(
θe1 +

2π
3

) ][
x5 x6 x7

]T
)

, (A6)

Λ5 =

√
2
3

([
cos(θe2) cos

(
θe2 − 2π

3

)
cos
(
θe2 +

2π
3

) ][
f9 f10 f11

]T − px12
[

sin(θe2) sin
(
θe2 − 2π

3

)
sin
(
θe2 +

2π
3

) ][
x9 x10 x11

]T
)

.

The derivative of the two electromagnetic torques are given, respectively, by
these expressions:

Γ̇em1 = σ21Λ2 + σ22Λ21 and Γ̇em2 = σ51Λ5 + σ52Λ51. with
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Λ21 = −
√

2
3

([
sin(θe1) sin

(
θe1 − 2π

3

)
sin
(
θe1 +

2π
3

) ][
f5 f6 f7

]T − px8
[

cos(θe1) cos
(
θe1 − 2π

3

)
cos
(
θe1 +

2π
3

) ][
x5 x6 x7

]T
)

, (A7)

Λ51 = −
√

2
3

([
sin(θe2) sin

(
θe2 − 2π

3

)
sin
(
θe2 +

2π
3

) ][
f9 f10 f11

]T − px12
[

cos(θe2) cos
(
θe2 − 2π

3

)
cos
(
θe2 +

2π
3

) ][
x9 x10 x11

]T
)

, (A8)

σ21 = pφ f +

√
2
3

p
(

Ld − Lq
)[

cos(θe1) cos
(
θe1 − 2π

3

)
cos
(
θe1 +

2π
3

) ][
x5 x6 x7

]T , (A9)

σ22 = −
√

2
3

p
(

Ld − Lq
)[

sin(θe1) sin
(
θe1 − 2π

3

)
sin
(
θe1 +

2π
3

) ][
x5 x6 x7

]T , (A10)

σ51 = pφ f +

√
2
3

p
(

Ld − Lq
)[

cos(θe2) cos
(
θe2 − 2π

3

)
cos
(
θe2 +

2π
3

) ][
x9 x10 x11

]T , (A11)

σ52 = −
√

2
3

p
(

Ld − Lq
)[

sin(θe2) sin
(
θe2 − 2π

3

)
sin
(
θe2 +

2π
3

) ][
x9 x10 x11

]T . (A12)

The park transformation matrix Pi is given by:

Pi =

√
2
3

 cos(θei) cos
(
θei − 2π

3
)

cos
(
θei +

2π
3
)

− sin(θei) − sin
(
θei − 2π

3
)
− sin

(
θei +

2π
3
)√

1
2

√
1
2

√
1
2

. (A13)
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