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Abstract—This paper addresses the problem of control of
a twin wind turbine which is subject to an electrical fault
affecting only one stator phase of one turbine. An active fault
tolerant control is proposed. The performance and robustness
of the proposed control, comparing to a passive fault tolerant
one developed in the literature, are shown through numerical
simulations.

Index Terms—Fault-tolerant control, electrical machine con-
trol, renewable energy source, twin wind turbine

I. INTRODUCTION

The concept of Twin Wind Turbine (TWT), patented in [1],
which is composed of two identical turbines is subject of this
paper. The main advantage of this structure is the fact that
rotation is ensured without the need of a dedicated actuator
but by creating difference between drag force of each turbine.
The objective of control strategies applicated to the twin wind
turbine is to control the whole structure position by keeping it
in front of the wind direction at all times, in order to optimize
energy production whereas the second objective is to control
the electrical generator. Knowing that, electrical machines can
be inevitably be damaged or afflicted by numerous failures as
well as eccentricities, short winding fault, sensor faults and
permanent magnet demagnetization fault [2], [3], an active
fault tolerant control should be considered. Indeed, as shown
in [4], the fault tolerance of the healthy control strategy
developed in [4] is very questionable when considering some
electrical faults. Some works have been performed on turbine
control.
In [4], the healthy control used in [5] has been tested with
taking into consideration an insulation fault in the Permanent
Magnet Synchronous Machine (PMSM) of only one turbine
while keeping the second turbine without any defect. Nonethe-
less, the used control after its robustification (see [4] for more
details) was not sufficient and its fault tolerant capabilities
was limited. In [6], observer based on Fault Detection and
Isolation FDI for wind turbines is proposed and extended in

[7] in which accommodation schemes and fault detection of
benchmark model were be presented. Focus on pitch system
fault, a Kalman-Bucy filter based diagnosis was developed in
[8] to detect faults relating to blade sensors. Both active and
passive fault tolerant controllers indeed a robust controller are
designed in [9] in order to accommodate the pitch fault and
to compensate aerodynamic model uncertainties respectively.
Vidal et al. [10] develops a fault tolerant control of pitch
actuators in wind turbine to handle parameter variations and
to robust the pitch system under faults.
In this work, an active fault tolerant control of the twin wind
turbine is investigated in presence of an asymmetric fault
which affect one stator phase of one turbine. As the inter-
turns short circuit is the most common fault, this case will
be considered here. Due to this fault, the symmetry of the
three stator phases of the PMSM is not yet been adequately
respected. A classical control based on the symmetries is
totally ineffective for asymmetric faults greater than 7%.
Consequently, the control model is done in abc-frame instead
of dq-frame in order to stabilize the imbalance caused by this
fault and allow the structure to continue operating until the
presence of the defect.
The paper is organized as follows. In section II, after descrip-
tion of the twin wind turbine dynamics, specific attentions of
electrical part are done for both healthy and faulty dynamics in
abc-frame. In the next section, an active fault tolerant control is
presented. This control is based on abc-frame in order to take
into account the asymmetry effect. In section IV, the proposed
active fault tolerant control is compared with a passive fault
tolerant control. The simulation results highlight the interest
of the proposed method. Conclusion and open problems for
future research are drawn in the section V.



II. PROBLEM STATEMENT

A. Healthy twin wind turbine description

In this paper, a specific concept of wind turbine is con-
sidered [1]. As shown in Fig. 1., the twin wind turbine is
composed of two turbines mounted on the same tower. As
mentioned above, the orientation in front of wind is ensured
without need an actuator. Furthermore, to keep this orientation
while maintain optimal power production requires a robust
control. More details on twin wind turbine description can be
found in [11].

Mechanical powers from kinetic energy and aerodynamic

Fig. 1. SEREO concept - face (left) and top (right) view [4]

torques applied to the rotor by the wind are respectively given
by:

Pi =
πρ

2
Cpi (λi, βi)R

2
p(Vv cos(ψ − α))

3 (1)

Γai =
Pi
Ωi

=
πρ

2λi
Cpi (λi, βi)R

3
p(Vv cos(ψ − α))

2 (2)

where i = {1, 2} denotes the first and the second turbines, Vv
is the wind speed and Rp is the radius of blade, ρ is the air
density. The angle α represents the angle between the wind
direction and the fixed direction and the angle ψ is defined as
the angle between horizontal axis of structure and the fixed
direction. The power coefficient Cpi [12], characterized by
nonlinear functions depend on λi, the tip speed ratio and βi,
the pitch angle of blade. The tip speed ratio is proportional to
the rotor angular speed, and reads as:

λi =
RpΩi

Vv cos (ψ − α)
(3)

To extract the maximum of wind energy, the twin wind turbine
must be oriented face to wind and this is realized when the
angle of orientation ψ attain its reference α. It can be argued
that this orientation is the common input of the two turbines.
This orientation 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, dynam-
ics of system rotation is:

drψ̈ = −frψ̇ + (F1 − F2) l (4)

where dr is the inertia moment, fr is the friction coefficient
associated to yaw motion, l is the distance between the

horizontal and vertical axis of structure and F1 − F2 is the
difference between the two drag forces. The drag force is
defined by:

Fi =
πρ

2
Cdi (λi, βi)R

2
p(Vv cos(ψ − α))

2 (5)

Among objectives, optimal power production has to be
achieved. For that, power coefficients Coptpi which correspond
to βopti and λopti [12], have to reach their optimal values. Oth-
erwise, in this concept, adjusting the pitch angles is addressing
not only to maximize power but also to enable the rotation of
the system (drag force of each turbine depend on its pitch
blade (5)).
The twin wind turbine is equipped with two salient permanent
magnet synchronous machines. The models of both safe and
faulty machines are elaborated in detail. For each turbine, the
three-phase permanent magnet synchronous machine model in
coordinates abc is represented by the following equations:

Vi =

(
rs +

dLs(θei)

dt

)
Ii + Ls(θei)

d

dt
Ii +

d

dt
Emi (6)

where Vi =
[
vani vbni vcni

]T
and Ii =[

iai ibi ici
]T

are respectively the voltage and current
vectors of the three phases. The stator resistance and
the inductance matrix containing self inductance of each
winding, and the mutual inductance are respectively rs and
Ls(θei). Due to saliency, this matrix depends on the rotor
electrical angular position θei. The electromotive force vector
Emi =

[
emai embi emci

]T
depends on the flux linkage

φf produced by the permanent magnet. Its elements can be
done by the following functions:

emai = φf cos(θei)

embi = φf cos(θei −
2π

3
)

emci = φf cos(θei +
2π

3
).

B. Faulty twin wind turbine description

The robustness of control based on dq-frame with a fault
which affects only one turbine, on performances of the TWT
has been investigated in [4]. The validity domain of the
proposed control was limited. In this paper, an active fault-
tolerant control in abc-frame is developed for largest validity
domain because the dq-transformation can no longer be used
due to the strong electrical asymmetry. So, for faulty case,
abc-model is considered.
For sake of simple presentation, inter-turns short circuit failure
in the b-phase is considered. Remark that the model can
be easily adjusted on a and c phases by index permutation.
Recognizing that the fault persists in only one turbine, the
index i here will denote the faulty turbine 1 or 2.

Vi = diag
(
rs (1− µ̄) rs rs

)
Ii +

dLf (θei, µ̄)

dt
Ii

+ Lf (θei, µ̄)
d

dt
Ii +

d

dt

[
emai (1− µ̄) embi emci

]T
(7)



Notice that the severity µ̄ can be defined as the factor of the
short-circuited turns Nbd devising by the total number of b-
phase winding Nbt. Lf (θei, µ̄) is the fault inductance matrix
expressed by (8). For a healthy machine, the inductance has
the same expression of the fault inductance with respect to
µ̄ = 0.

Lf (θei, µ̄) = (8) La (θei) (1− µ̄)Mab (θei) Mac (θei)
(1− µ̄)Mba (θei) (1− µ̄)Lb (θei) (1− µ̄)Mbc (θei)
Mca (θei) (1− µ̄)Mcb (θei) Lc (θei)


Self inductance of each winding are the diagonal el-
ements (La, Lb, Lc), and the rest of elements design
the mutual inductance between different phase winding
(Mab,Mac,Mba,Mbc,Mca,Mcb). Elements of the above in-
ductance matrix are highly nonlinear and depend on θei, which
may the applicability of abc-phase model comes at the expense
of model complexity.
With respect to this model, in the next section, an active fault-
tolerant control will be proposed in order to broaden the va-
lidity domain of fault severity. Remark that, the passive fault-
tolerant control used in [4] is only efficient on µ̄ ∈ [0..7%].

III. ACTIVE FAULT-TOLERANT CONTROL

This section focus on the active fault tolerant control.
Comparing to a passive fault tolerant control, in this pa-
per the assumption of symmetric phases is not supposed
due to the presence of the fault. Consequently, due to this
asymmetry, it is not relevant to design a control in the
dq-frame. This approach leads to two additional states in
the state vector (ia1 , ib1 , ic1 , ia2 , ib2 , ic2 three-phase currents
are considered instead of two-phase currents id1 , iq1 , id2 , iq2 )
and in the same way, two extra inputs are introduced
(van1

, vbn1
, vcn1

, van2
, vbn2

, vcn2
instead of vd1 , vq1 , vd2 , vq2 ).

Therefore, in this work, an extended nonlinear system based
on abc-frame is given by:

ẋ = fµ̄(x, t) + gµ̄(x, t)u (9)

with fµ̄(x, t) and gµ̄(x, t) are respectively the vector and the
matrix given in the appendix, the state and the input vectors
can be written as:

x =
[
β1 β2 ψ ψ̇ ia1 ib1 ic1 Ω1 ia2 ib2 ic2 Ω2

]T
u =

[
∆β van1

vbn1
vcn1

van2
vbn2

vcn2

]T
Figure 2. shows two possibilities of control. These strategies
take into account the phase in which the defect occurs, so
they can be adapted for the healthy case. Nevertheless, the
passive fault control after robustification is limited to fault
smaller to 8% whereas the active fault tolerant control is
efficient for severity largely higher than 8%. The objectives
of the control is to compensate the effect of the fault on
electrical part with respect to the mechanical part. Conse-
quently, from the mechanical point view, the faulty machine
must have the same behavior of the healthy machine. For
that, a well-driven electrical torque is assigned only with iqi

where the direct current idi and the homopolar component
ihi = 1

3 (iai + ibi + ici) are assigned to zero in order to avoid
ripple effects on electromagnetic torque. Regarding that the
angular velocity depends on electromagnetic torque (10) which
is proportional to the quadratic current iqi , it might not be
very useful to control directly iqi . The electromagnetic torque
is given by:

Γemi = p (Ld − Lq) idiiqi + pφf iqi (10)

where Ld, Lq are dq-axis inductance and p is the pole-pair
number. As it is mentioned above, for the non-symmetric
phases case, the direct current indeed the homopolar com-
ponent ihi must be controlled to zero. This latter doesn’t be
considered on the control based on dq-rotating frame. So, the
difference between the two control strategies is that to consider
7 outputs instead 5 in [4]. Outputs of control are then choosing
as y:

y = h(x) =



ψ − α
id1

Ω1 − Ωref1

ih1

id2

Ω2 − Ωref2

ih2


(11)

Fig. 2. Control scheme of the twin wind turbine

The successive derivatives of the outputs lead to the follow-
ing equation:

y(ε) = Λ(x, t) + Θ(x, t)u (12)

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.

Note that ε = (ε1, ε2, ε3, ε4, ε5, ε6, ε7) = (3, 1, 2, 1, 1, 2, 1)
are the relative degrees of (y1, y2, y3, y4, y5, y6, y7) respec-
tively. The vector field Λ and the decoupling matrix Θ, identi-
fying in the appendix, correspond to the successive derivatives
of hi.
Since Θ is a regular matrix, the following decoupling control
based on a new control z̄ while respecting homogeneity
arguments could be obtained as:



u = Θ(x, t)
−1

(z̄ − Λ(x, t)) (13)

z̄ =



−Kψ|σεψ|µ1,3sign (σεψ)
−KΩ1 |σεΩ1 |

µ4,5sign (σεΩ1)

−Kid1

∣∣σεid1 ∣∣µ6,6
sign

(
σεid1

)
−Kih1

∣∣σεih1

∣∣µ7,7
sign

(
σεih1

)
−KΩ2 |σεΩ2 |

µ8,9sign (σεΩ2)

−Kid2

∣∣σεid2 ∣∣µ10,10
sign

(
σεid2

)
−Kih∂2

∣∣σεih2

∣∣µ11,11
sign

(
σεih2

)


(14)

The expressions of σεψ, σεΩ1
, σεid1 , σεih1

σεΩ2
, σεid2 , σεih2

can be calculated based on [5] and the different homogeneity
degrees µi,j is given by:

µi,j = max{1− δ
j∑
l=i

|zl|
|zl|+ εi

, 0},

for 1 ≤ i, j ≤ 11, δ > 1, εi > 0 (15)

Knowing that
7∑
k=1

εk = 11 < 12, so there is a zero dynamics

of dimension 1.

ż12 =
2βref

tβ
− 1

tβ
z12. (16)

Comparing with [4], the dynamics of zero z12 is even input-
to-state stable (input: βref ) [13]. From equation (16), the
dynamic of zero depends on the external input which is not
directly influenced by the defect.
The advantage of the active fault-tolerant control, that it use
the estimation of the fault. This estimation may be done by
many diagnosis methods for example [14], [15]. Nevertheless,
estimation of fault is not the topic of this paper.

IV. SIMULATION RESULTS AND DISCUSSION

In the case of a classical control, the voltage references
are generated in terms of the dq-rotating frame [16], [17]
and then transformed back into abc-frame. However, ones
the fault occurs only on one phase, the three-phases currents
increase and generate an uncontrolled direct current idi .
In order to stabilize these currents, the gains related to the
direct currents Kid1 and Kid2 in equation (14) are increased
(”robustified”), as it was proposed in [4].
As it can be seen in Fig. 3. and Fig. 4., the fault occurs
at the time t = 7s with the severity of 4%. This recent
”robustification", gives a satisfactory behavior with respect to
minor faults but it is not efficient if the defect exceeds 8%
(Fig. 5.).

As it was described in section III, more tougher faults can
not be consider by classical control. In the next, simulation
results of the proposed active fault tolerant control are
presented. Based on the fact that an inter-turn short circuit on
the stator b-phase persists with an important severity (equal
to 20%), it seems necessary to use the abc-model for the
control design.

Fig. 3. Effects of the fault on the three-phase currents

Fig. 4. Direct current waveform related to the asymmetric phases

Figure Fig. 6 shows the three-phase currents of the faulty
machine after active fault tolerant control. Despite of asym-
metric phases in the PMSM under faulty conditions, the sum
of the three-phase currents are equal to zero. This reflects the
fact that the direct current and the homo-polar component are
controlled to be equal to zero (Fig. 8.).
Thus, from Figures Fig. 9. and Fig. 10, it appears that the
angular speed as well as the angle orientation follow their
references. These highlight that all control objectives are
achieved even if the fault is sever.



Fig. 5. Effects of the fault on the three-phase currents

Fig. 6. The three-phase currents after active control

V. CONCLUSION

In this paper, it was shown that with respect to asymmetric
electrical faults, it is necessary to use the abc-frame. Con-
sequently, an active fault-tolerant control strategy for a twin
wind turbine was proposed in this frame. This control is tested
for both healthy and faulty cases, when the presence or not
of fault and its severity are well estimated. Simulation results
highlight the well founded of the proposed approach.
In future research, an estimation method of the fault based
on sparsity assumptions [19] coupled with the proposed active
fault-tolerant control will be investigated. The main problem of
active fault-tolerant control based on faults estimation process,
is its global stability. Because, even if, the faults estimation
process is stable and the active fault-tolerant control is also

Fig. 7. Comparison between the sums of voltages for healthy and faulty
machines

Fig. 8. The direct and the quadratic currents after control

Fig. 9. The controlled angular velocity and its reference waveform



Fig. 10. The Angle of orientation after control

stable, these do not guarantee that the coupling of both is
stable.
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APPENDIX

Considering that the fault occurs in the electrical machine of the first turbine, the model can be given by the equation (A.1),
where Lf and Ls present the inductance matrix on the faulty and the healthy cases respectively. These matrix depend on the
electrical angular position θei.

fµ̄(x, t) =



− β1

Tβ

− β2

Tβ

ψ̇

− frdr ψ̇ + (F1 − F2)L

−
[
Lf11

−1
Lf12

−1
Lf13

−1
] ([

rs (1− µ̄)rs rs
]
I1 + d

dtL
fI1 + dEm1

dt

)
−
[
Lf21

−1
Lf22

−1
Lf23

−1
] ([

rs (1− µ̄)rs rs
]
I1 + d

dtL
fI1 + dEm1

dt

)
−
[
Lf31

−1
Lf32

−1
Lf33

−1
] ([

rs (1− µ̄)rs rs
]
I1 + d

dtL
fI1 + dEm1

dt

)
1
J (Γa1 − Γem1

− fvΩ1)

−
[
Ls11

−1 Ls12
−1 Ls13

−1
] (
rsI2 + d

dtL
sI2 + dEm2

dt

)
−
[
Ls21

−1 Ls22
−1 Ls23

−1
] (
rsI2 + d

dtL
sI2 + dEm2

dt

)
−
[
Ls31

−1 Ls32
−1 Ls33

−1
] (
rsI2 + d

dtL
sI2 + dEm2

dt

)
1
J (Γa2 − Γem2

− fvΩ2)



(A.1)

gµ̄(x, t) =



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 Lf11

−1
Lf12

−1
Lf13

−1
0 0 0

0 Lf21

−1
Lf22

−1
Lf23

−1
0 0 0

0 Lf31

−1
Lf32

−1
Lf33

−1
0 0 0

0 0 0 0 0 0 0
0 0 0 0 Ls11

−1 Ls12
−1 Ls13

−1

0 0 0 0 Ls21
−1 Ls22

−1 Ls23
−1

0 0 0 0 Ls31
−1 Ls32

−1 Ls33
−1

0 0 0 0 0 0 0



(A.2)

For a simplified representation, considering that:

C =
ρπ

2
R2
pV

2
v cos2 (ψ − α) cdi (λi, βi) = Ai (λi) +Bi (λi)βi

Ai (λi) = a0 + a1λi + a2λ
2
i + a3λ

3
i Bi (λi) = b0 + b1λi + b2λ

2
i + b3λ

3
i

with 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.
With repect to the fault, the vector field Λ(x, t) and the decoupling matrix Θ(x, t) can be written as:

Λ(x, t) =



−drfr ψ̈ + B(λ)C
frTβ

l (β1 − β2) + B(λ)Ċ
fr

l (β1 − β2) + Ḃ(λ)C
fr

l (β1 − β2)

Λ11
1
J (Γa1 − σ11Λ11 − σ12Λ12)√

1
3 (fµ̄5

+ fµ̄6
+ fµ̄7

)

Λ21
1
J (Γa2 − σ21Λ21 − σ22Λ22)√

1
3 (fµ̄9

+ fµ̄10
+ fµ̄11

)


(A.3)

Λ11 =

√
2

3

([
cos (θe1) cos

(
θe1 − 2π

3

)
cos
(
θe1 + 2π

3

) ] [
fµ̄5

fµ̄6
fµ̄7

]T − pΩ1

[
sin (θe1) sin

(
θe1 − 2π

3

)
sin
(
θe1 + 2π

3

) ]
I1

)
Λ12 = −

√
2

3

([
sin (θe1) sin

(
θe1 − 2π

3

)
sin
(
θe1 + 2π

3

) ] [
fµ̄5

fµ̄6
fµ̄7

]T − pΩ1

[
cos (θe1) cos

(
θe1 − 2π

3

)
cos
(
θe1 + 2π

3

) ]
I1

)



Λ21 =

√
2

3

([
cos (θe2) cos

(
θe2 − 2π

3

)
cos
(
θe2 + 2π

3

) ] [
fµ̄9

fµ̄10
fµ̄11

]T − pΩ2

[
sin (θe2) sin

(
θe2 − 2π

3

)
sin
(
θe2 + 2π

3

) ]
I2

)
Λ22 = −

√
2

3

([
sin (θe2) sin

(
θe2 − 2π

3

)
sin
(
θe2 + 2π

3

) ] [
fµ̄9

fµ̄10
fµ̄11

]T − pΩ2

[
cos (θe2) cos

(
θe2 − 2π

3

)
cos
(
θe2 + 2π

3

) ]
I2

)

σ11 = pφf +

√
2

3
p (Ld − Lq)

[
cos (θe1) cos

(
θe1 − 2π

3

)
cos
(
θe1 + 2π

3

) ]
I1

σ12 = −
√

2

3
p (Ld − Lq)

[
sin (θe1) sin

(
θe1 − 2π

3

)
sin
(
θe1 + 2π

3

) ]
I1

σ21 = pφf +

√
2

3
p (Ld − Lq)

[
cos (θe2) cos

(
θe2 − 2π

3

)
cos
(
θe2 + 2π

3

) ]
I2

σ22 = −
√

2

3
p (Ld − Lq)

[
sin (θe2) sin

(
θe2 − 2π

3

)
sin
(
θe2 + 2π

3

) ]
I2

Θ(x, t) =



− 2l
drTβ

BC 0 0 0 0 0 0

0 0 0 0

0 P1L
f−1

0 0 0
0 0 0 0
0 0 0 0
0 0 0 0 P2L

s−1

0 0 0 0


(A.4)

Noting that Pi is the park transformation matrix:

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

 (A.5)


