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Abstract: Fault-tolerant controller (FTC) designs for doubly fed induction generators (DFIGs) with actuator faults have
recently gained considerable attention due to their important role in maintaining the safety and reliability of DFIG-based
wind turbines via configured redundancy. The objective of this paper is to propose a novel active fault-tolerant tracking
control strategy for a DFIG subject to actuator faults. The proposed strategy consists of first designing a proportional
integral observer (PIO) for simultaneous system states and fault estimation and then secondly the FTC, which depends
on the estimated states and faults. The objective of such a controller is to drive the state of the system to track a
reference state generated by a reference fault-free model (nominal system). In addition, the main results for stability are
demonstrated through a quadratic Lyapunov function, formulated in terms of linear matrix inequalities (LMIs) in order
to guarantee the stability of the whole closed-loop system and to reduce the actuator fault effects with noise attenuation.
Furthermore, the gain matrices of the FTC and the PIO are computed by solving a set of LMIs using the YALMIP
toolbox with the SeDuMi solver. Finally, the simulation results under constant and time-varying actuator faults are

provided to show the effectiveness of the developed FTC scheme.

Key words: Doubly fed induction generator, fault-tolerant tracking control, proportional integral observer, actuator

faults, linear matrix inequality stability conditions

1. Introduction
The use of the doubly fed induction generators (DFIGs) in large wind turbines (WTSs) is growing rapidly [1].
This kind of generator has gained more interest due to its advantages over other generators, such as full variable
speed operation, power control capability, robustness, and reduced inverter costs [2-4]. However, this generator
can be affected by different kinds of faults, such as open-phase failure, short circuits, current sensor faults,
voltage dips, and speed sensor faults [5-7]. These faults can be caused by sensors, actuators, or the system
itself [8].

Actuator failures can cause severe performance property deterioration of the generators or even generator
instability, leading to serious damage over all of the systems, with important economic losses and safety problems.
For these reasons, research on controlling systems with actuator faults is a challenging issue [9]. Therefore, it is

an important issue in control system design to study how the controlled system is kept stable, with acceptable
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performance levels maintained in the presence of faults affecting the system components [10-13]. It is necessary
to design robust control systems that are able to reduce the effect of occurring faults, and to increase the
reliability and availability of such systems while providing desirable performances [14]. These latter systems
are known as fault-tolerant controller (FTC) systems, as they have the capability to accommodate component
faults automatically [15]. Generally, FTC systems are divided into two main groups: active and passive [16,17].

More recently, many studies dealing with the problem of FTC systems have been designed for wind
energy conversion systems (WECSs) [18-28]. In [18] an extended state observer-based AFTC scheme was
presented, which provides an estimation of system states and fault signals for an offshore WT represented by
linear parameter-varying descriptor systems. In [19,20], the authors presented a robust approach for designing
a FTC in order to stabilize nonlinear systems affected by sensor faults. In [21,22] a FTC scheme for WECSs
was improved efficiently to deal with the problems of disturbance rejection and robust stabilization. In [23,24],
the authors presented a FTC scheme for WECs described by T-S fuzzy models with sensor faults using a T-S
fuzzy observer to achieve maximization of the power extraction from the generator. Furthermore, in [25,26] the
robustness of sliding mode control was used to design a FTC strategy for an offshore WT. In [27] an improved
FTC scheme-based current observer for current sensors was presented, which can easily detect and tolerate both

hard faults and soft faults of current sensors in DFIGs.
In the literature, few authors have dealt with the trajectory tracking problem for WECSs. For example,

the authors in [28] developed a novel scheme for AFTTC for offshore WT's represented by multiple models using
T-S fuzzy proportional state estimators augmented with proportional and integral feedback fault estimators.
The objective was to estimate different generators and rotor speed sensor faults for compensation purposes.
However, the AFTTC for DFIGs with actuator faults and disturbances has not been fully investigated. Hence,
the goal of this work consists of the proposition of a novel AFTTC scheme for a DFIG subject to actuator faults
and noise measurement. This latter is designed using a proportional integral observer (PIO) combined with a
new structure of a fault-tolerant control law. The main contributions of the present study are as follows: 1) the
proposed scheme has the capability to provide simultaneous system states and actuator fault estimations by
the designed PIO, 2) it allows the driving of the state of the faulty system to track a reference state generated
by a reference fault-free model, 3) it has the ability to tolerate and compensate the effect of both constant
and time-varying actuator faults based on the estimated faults with the PIO, 4) it guarantees the stability
and maintains the nominal performance of the closed-loop system when different actuator faults occur, and 5)
the main results of this study are formulated in terms of linear matrix inequalities (LMIs) by using Lyapunov
theory.

The rest of this paper is organized as follows: Section 2 presents the modeling of the system under
study. Section 3 details the proposed AFTTC scheme. The achieved results are reported in Section 4, where
the efficiency of the proposed scheme is investigated in numerical simulation tests. Finally, Section 5 gives a

conclusion and perspectives of the main presented in this paper.

2. Modeling of DFIG-based WT

The model of the DFIG-based WT is composed of the three following subsystems: an aerodynamic rotor, drive
train, and DFIG, as depicted in Figure 1.

2.1. Aerodynamic rotor model

The mechanical power extracted from the WT can be determined as follows [29,30]:
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Figure 1. Basic scheme of a DFIG-based WT.

P, = %prQ v3 Cp(N\, B), (1)

where p represents the air density, R is the rotor blade radius, v, is the wind speed, and C} is the power
coefficient of the turbine. The following empirical equation is used to compute the value of power coefficient
C, of the turbine [29,31]:

Cs

2 -0 Ci)em N + G, 2)

CP()‘v B) = Cl(
where \; relates to A and 3 through the following relationship [31]:

1 1 ~0.035
Ni A+0083 1+p%

3)

where C; to Cg are constant coefficients equal respectively to C; = 0.5176, Co = 116, C3 = 0.4, C4, =5, C;
= 21, and Cg = 0.0068. Figure 2 shows a typical relationship between C, and A in the WT model.
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Figure 2. A typical C}, versus A curve.

2.2. Drive train model

The drive train model is described as follows:

dw, i (
dt J
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where T, is the electrical torque of the generator, T), represents the mechanical torque, w, is the angular

velocity of the generator, J,. is the aerodynamic rotor inertia, and F' is the viscous friction coefficient.

2.3. DFIG dynamics model
The electrical equations of a DFIG are given by [1,3]:

. d
Uds = Rsigs + ﬁ?s — WsPys

. dog.
Ugs = Rszqs + dgs + ws(bds

. dbgr
Udr = Rpigr + qsg — WrQqr

. ddgr
Ugr = erqr + TZ + wrddr

and
¢das = Lstas + Lintar
¢gs = Lsiqs + Liniqr
Gdar = Lyiagr + Linias
Gqr = Lyigr + Linigs

; (6)

where R, and R, are the stator and rotor resistances, respectively. Ly and L, are the stator and inductances,
and L,, is the magnetization inductance, ¢ denote currents, ¢ denotes magnetic flux, ws represents the

synchronous speed, and indexes d and ¢ stand for the direct and quadrature components.

2.4. The DFIG state-space model

From Egs. (5) and (6), the current dynamics model of the DFIG under the stationary (af) reference frame

can be given by the following state-space form:

dflf) — Az(t)+ Bu(t), 1)

by adopting the following notation:
z(t) = [ias(t) ips(t) iar(t) iﬁr(t)]Tv (8)
u(t) = [uas(t) us(t) uar(t) uﬂr(t)]T» (9)

where z(t) is the state vector and wu(t) is a control vector. Thus, the state matrix A and the input matrix B
can be given as follows:

A=Ay + Arw, + Agws, (10)
where the matrices Ag, A, As, and B are respectively expressed as:

- 2 -

r R, R, L, ] m Ly,
T oL, 0 oLgs L, 0 0 oLs L, 0 oLg
_ Rs Ry Ly L? L
4 0 o5, 0 oL Ly 4 -5 O 5= 0
0= r =
L Rs 0 _JR,L 0 0 _ LE 0 1
s Lr L o Ly o
L, Rs _ R, L 1
L 0 oLs L, 0 oL, J L & ZT O e O ]
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with o =1— L2 /(LsL,).

3. Problem formulation

This section is devoted to investigating the proposed AFTTC scheme for the DFIG subject to actuator faults and
noise measurement. Hence, the procedure of designing an AFTTC scheme is given in the following subsections.

3.1. Reference model of the DFIG

Consider a reference model of a DFIG in nominal function, which is defined as follows:

o(t) — Ax(t) + Bul(t)

: (11)
y(t) = Cx(t)

where z(t) € R™ is the state vector, y(t) € P is the measured output vector, and u(t) € R™ is the control

input vector. A, B, and C are constant real matrices defined by the state-space model.

3.2. Faulty model

We consider that the system of Eq. (11) is affected by actuator faults and noise measurement. The reference
system of Eq. (11) can then be further rewritten in the following form:

@il = Awp(t)+ Bug(t) + E fa(t)

yf(t) = Cl‘f(t) + Rd(t)

where z¢(t) € R", ys(t) € RP, and uys(t) € R™ are respectively the faulty state vector, the faulty output
vector, and the fault tolerant control signal; f,(t) € ™ represents the fault vector affecting the actuators, and
d(t) € R? denotes the noise measurement affecting the outputs. E € R"*™ and R € RP*? are respectively the

fault and noise distribution matrices, which are assumed to be known.

3.3. Assumptions

In order to guarantee the achievement of fault-tolerant aims, the following assumptions are employed throughout:
A1) The matrix A is a Hurwitz matrix.
A2) The system (A,C) is detectable (rank[A, C]T =n).
A3) The actuator faults f,(t) are assumed to be a bounded time-varying signal that is slowly time-

varying.
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3.4. The design of the PIO

The following structure of the PIO has the capability of providing simultaneous estimation of system states and
actuator faults, which will be used for the design of the proposed AFTTC scheme. The latter can be given by
[6,13]:

; (13)

where #(t) € R" is the estimated state, f,(t) € R" represents the estimated actuator faults,js(t) € R is the
estimated output, and K, € R"*P and L; € R"*Pare respectively the proportional gain and derivative gain

matrices to be computed.

3.5. The proposed structure of the fault-tolerant controller law

The objective in this subsection is to design an AFTTC scheme that ensures the tracking of the faulty system
state x(t) in Eq. (12) to the nominal system state x(t) in Eq. (11). The developed AFTTC scheme is based

on the use of a PIO, as illustrated in Figure 3.

d_J) Ja )
r_z’ r_z’ :
Upom = Upre ad * ¥r
—%0@——;" DFIG >
= A
H,Q ikteleiettieieieinieie bbb —— 1

—= PI Ohserver

e V7

Controller

= Reference
Model

Figure 3. The architecture of the fault-tolerant control scheme.

The proposed structure of the fault-tolerant control law for the system of Eq. (11) is described by the

following equations:

{ UpTce (t) = Unom () + uc(t) (14)

ue(t) = Hy(z(t) — 25(t) — fa(t)
where 0., is the nominal control input of the system without faults and u. is a new added control vector,
which is used to compensate the effect of actuator faults and to ensure the best tracking trajectory performance

of the faulty system to the nominal system, and H, € R"*" is a constant gain matrix to be computed for the
design of the FTC.
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3.6. The main LMI conditions for stability
In this section, the main objective is to propose novel sufficient LMI conditions that allow obtaining the gain
matrices of the FTC (H,) and the PIO (L; and K},) values such that the previous assumptions are satisfied.

First, let us define the state tracking error, the state estimation, and the actuator fault estimation errors
respectively as:

e(t) = z(t) — z¢(t)
eut) = xs(t) — is(t) . (15)
ef(t) fa(t) - fa(t)

By using Eqgs. (11), (12), (13), and (14), and with some operations, the dynamics of e;(t), e;(t), and ey(t)are

given respectively by the following equations:

LMD _ (A BH)et) ~ BH,eult) ~ Begt) 1o
dejt(t) = (A= KO)ec(t) + Eey(t) — KpRd(?), "
20— _poesm + PO gag), (18)

Egs. (16), (17), and (18) are then combined in order to obtain the following augmented system:

deq(t)
dt

= Ageq(t) + Ba (1), (19)

where e, (t) are the augmented variables, which can be expressed as:

er (t)=[ef (t) el (t) e (1)], (20)
and
(A— BH,) —BH, B 0 0 i)
Ae=1 0 (A=K, 0) B | Bam | <IGR 0 | W0 =|
ot
0 —LiC 0 LR I o

The gain matrix H,, L;, and K, values are computed in order to ensure an asymptotic convergence of e (t)
towards zero when ¥ = 0 and to guarantee a bounded error when v # 0 by solving the main LMI conditions,

which are summarized in the following theorem.

Theorem. The augmented system in Eq. (19) that generates the state tracking error e4(t), the state estimation
ee(t), and the actuator faults es(t) is stable and Lo -gain of the transfer from 1 to eq(t) is bounded, if there
exist two symmetric and positive definite matrices P, = PL € R"<", P, = Pf € ROAI)X047) " with the

matrices X, € R and Xo € R4 such that the following LMI conditions hold:

M,AT + AM, — (BX,)" —(BX;) <0, (21)

AT P+ Py Ay — (X2C)T — (X2C,) <0. (22)
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The gain matrices of the FTC and the PIO are computed as follows:

HH = Ma’le =P X3
{ K=P'X, (23)
Proof See the theorem proof in the Appendix. 0

4. Simulations and discussions

In this section, simulation results are presented to illustrate the efficiency of the proposed AFTTC scheme
when different actuator faults occur. For such a purpose, two kinds of actuator fault scenarios are considered,
a constant one and a time-varying one, and are carried out within the MATLAB/Simulink environment;

parameters of the simulated DFIG and WT are given in [23].

Case 1: Simulation under constant actuator faults
In order to illustrate the efficiency of the proposed AFTTC scheme under constant actuator faults, we consider

that all of the actuators are faulty, and each fault is defined respectively, as follows:

poof L 03<i<os L [1 0d4<i<07
700, else 2770, else

fog = 0.52, 0.5<t<0.7 for = 0.42, t> 0.55
3= 0, else = 0, else

where f,1 occurs in uqs, fa2 occurs in ugs, fu3 occurs in ug,, and fgs4 occurs in ug,.
The evolution of the state variables of the nominal system, the faulty system without AFTTC, and the
faulty system with AFTTC are depicted in Figure 4, while Figure 5 shows the simulation results of the original

constant faults with their estimation.
It is clear from Figure 4 that the proposed FTC is able to force the state of the system to track a

reference state generated by a reference fault-free model, even in the presence of constant actuator faults. It is
seen from Figure 5 that the estimated constant faults converge close to the original faults, which confirms that

the designed PIO can provide an acceptable estimate of constant actuator faults.

Case 2: Simulation under time-varying actuator faults

In order to demonstrate the efficiency of the proposed AFTTC scheme when time-varying actuator faults occur,
we consider that all of the actuators are affected by different time-varying faults, and each fault is defined

respectively, as follows:

for = sin(107t) 0.5 <t < 0.7 = sin(107t) 0.2<¢<0.5
al =9 a2=19

0.45sin(107t) t < 0.6 0.30sin(57t) ¢ >0.5
fa3 = 0 fa4 = 0

where f,1 occurs in uqs, fa2 occurs in ugs, fu3 occurs in ug,, and fgsa occurs in ug,.

From the simulation results, one can observe that the designed PIO and AFTTC schemes illustrate their

efficiency, since the state trajectory tracking between the faulty system and the reference model is achieved,
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Figure 5. Constant actuator faults ( fa1, fa2, fa3, and

faa) and their estimations.

even in the case of time-varying actuator faults (Figure 6). The estimated faults are closed to the original faults,

as shown in Figure 7, which demonstrates that the PIO can provide an accurate estimation for time-varying

faults. Finally, through these simulation tests, the results illustrate the efficiency and the effectiveness of the

designed AFTTC scheme. It has a significant capacity of fault-tolerance control even when different kinds of

actuator faults occur, which can allow the system to tolerate and compensate the fault effects to allow normal

functioning of the system.

5. Conclusions and perspectives

This paper develops a novel strategy for an AFTTC scheme for a DFIG with actuator faults and noise

measurement is proposed. This scheme is based on fault estimation and compensation using a PIO. The

aim of the proposed strategy is to ensure the trajectory tracking for the state of the faulty system to a reference

state generated by a reference fault-free model, to guarantee the stability of the whole closed-loop system when

different faults occur. The main results are derived in terms of the LMIs, which can be readily solved with
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and fq4) and their estimations.

the YALMIP toolbox and SeDuMi solver. Two kinds of actuator fault scenarios have been considered; the

first scenario deals with constant actuator faults, and the second deals with time-varying actuator faults. The

simulation results confirm that the proposed FTC scheme has a satisfactory effect to deal with constant and

time-varying actuator faults. Future extensions of such a work include:

e Validating experimentally the proposed AFTTC scheme;

e Extending the results developed in this paper to the robust observer-based control design for uncertain

e Applying the developed results for all WECSs.

systems with sensor faults and actuator faults;
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Appendix. Proof of the theorem.

The aim here is to demonstrate the quadratic stability of the augmented system of Eq. (19), which means to
ensure an asymptotic convergence of e, (t) towards zero when ¢ = 0 and to guarantee a bounded error when
1 # 0. For this reason, we consider the following candidate Lyapunov candidate function V' (e,(t)) for the

augmented system of Eq. (19). In this case, the problem is reduced to finding P verifying V < 0.

Viea(t)) = ea(t)T Pey(t), P=PT >0 (A1)
Here Pis structured as follows:
p=| D0 1 psoadr >0 (A.2)
0 Py

By differentiating Eq. (A.1), we obtain:

dV(ea(t) del() £ del ()
=—2—-pP pP— A.
o o eq(t) + e, (t) a < 0 (A.3)
From Egs. (A.1) and (A.2), Eq. (A.3) becomes:
dV(eq(t
% =el(t)(AY P+ PAg)eq(t) <0 (A.4)
The error e,(t) converges to zero if Eq. (A.4) is verified if:
AF P+ PAy <0 (A.5)
Here the matrices Ag and By can be given as:
| A-BH, F 10
AO_[O AalKC’al}’Bo_[IaKDa]
and
T T T
A 0 0 C D —-BH
el O R 0 e ) R R e
Therefore, Eq. (A.5) is equivalent to the following inequalities:
(A-BH,)"Pi+ P, (A-BH,) <0 (A.6)
(Agt = KCa1)" Py + Py (Ag1 — K Ca1) <0 (A7)
Then, left and right multiplying the latter condition (Eq. (A.6)) by P; *, and considering the following change
of variable M, = Pfl, we can get:
M, AT + AM, — (BH,)" P, — P(BH,) <0 (A.8)
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Aglpz-f— PQ Aal—(KCal)TPQ—PQ(KCa1)<O (Ag)

Egs. (A.8) and (A.9) are a set of nonlinear matrix inequalities and for the convenience of design should be
transformed into pure LMIs by applying the change of variables X; = M,H, and X, = P,K. One can thus
obtain the following LMIs:

M AT + AM, —(BX))" —(BX;) <0 (A.10)
Agl P+ P Aal — (X2 Cal)T — (XQ Oal) <0 (A].l)

Solving the LMIs of Egs. (A.10) and (A.11) allows us to find the gain matrices M, , P>, X1, and X5. The gain

matrices of the fault tolerant controller (H,) and the proportional integral observer (K) are then computed
by:

{ H,=M;'X, = P X, (A12)

K=P'X,
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