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Abstract: We present the design ofH∞ andH2 gain-scheduled fault-accommodation controllers
for discrete-time Linear Parameter Varying systems. We design our conditions as Bilinear Matrix
Inequalities, assuming that the scheduled parameters are imprecise, which is a commonly found
characteristic of practical applications that happens due to measurement noise and inaccuracy
on its estimation/acquisition procedure. The proposed solution is based on the use of a multi-
simplex approach for solving the main conditions, which guarantees the stability of the system
under imprecise measurements on the scheduling parameters. The efficacy of the proposed
approach is illustrated with a numerical example.
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1. INTRODUCTION

Fault-Tolerant Control (FTC) strategies have been re-
ceiving a great deal of attention in the literature for the
past few decades due to the increased demand for high-
performance & reliable control systems (Blanke et al.,
2006; Noura et al., 2009). There are a handful of ap-
proaches to design an FTC solution, which may be classi-
fied into two main design philosophies, namely the passive
and active FTC (Jiang and Yu, 2012), (Sloth et al., 2010),
(Davies et al., 2009). The passive FTC approach can be
described as a controller that takes into account a partic-
ular fault behavior during the control design process. On
the one hand, one major advantage of this approach is that
the controller is static, therefore, its implementation is not
different from a regular controller. On the order hand, the
� This study was financed in part by the Coordenação de Aper-
feiçoamento de Pessoal de Nı́vel Superior - Brazil (CAPES) - Fi-
nance Code 88882.333365/2019-01 for the first author. The sec-
ond author was financed by ANID/FONDECYT INICIACION, No.
11201049. The third and fourth authors are financed under the
STW project 15472 of the STW Smart Industry 2016 program. The
fifth author is financed by Conselho Nacional de Desenvolvimento
Cient́ıfico e Tecnológico (CNPq), process No. 304149/2019 − 5, by
FAPESP/Shell Research Center for Gas Innovation process FAPESP
No. 2020/15230 − 5, and by Instituto Nacional de Ciência e Tec-
nologia para Sistemas Autônomos Cooperativos (INSAC), process
CNPq/INCT −465755/2014− 3 e FAPESP/INCT-2014/50851− 0.

main drawback of this approach is relatively high-degree of
conservatism in the design process, see (De Caigny et al.,
2010) since it has to accommodate a stability requirement
for a large region of operation instead of a specific oper-
ational point as described in (de Souza et al., 2006). For
the active FTC, there are a good deal of examples for
designing such approaches in literature (Ding, 2014). A
particular characteristic in all of these design approaches
is that after the fault occurs, the controller is reconfigured
by some particular strategy to mitigate the fault effect
in the system’s performance, as pointed out in (Quadros
et al., 2020).

In the present paper, we tackle a particular case of active
FTC, namely the gain-scheduled fault-accommodation
controller (FAC). The FAC approach can be described as
a form of FTC in which the main purpose is to mitigate
the fault effect as quickly as possible until a proper fix is
made.

While Linear Time-Variant (LTI) systems have been thor-
oughly studied for the past century, their practical use for
the modeling and design of high-performance control sys-
tems is limited due to the inaccuracies introduced by ne-
glecting the high-order terms. There are several modeling
approaches that cater to this restriction while remaining in
the linear framework. One that stands out from the others
for its usability is the so-called linear parameter varying
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Computación e Industrias, Universidad Católica del Maule - UCM
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nologia para Sistemas Autônomos Cooperativos (INSAC), process
CNPq/INCT −465755/2014− 3 e FAPESP/INCT-2014/50851− 0.

main drawback of this approach is relatively high-degree of
conservatism in the design process, see (De Caigny et al.,
2010) since it has to accommodate a stability requirement
for a large region of operation instead of a specific oper-
ational point as described in (de Souza et al., 2006). For
the active FTC, there are a good deal of examples for
designing such approaches in literature (Ding, 2014). A
particular characteristic in all of these design approaches
is that after the fault occurs, the controller is reconfigured
by some particular strategy to mitigate the fault effect
in the system’s performance, as pointed out in (Quadros
et al., 2020).

In the present paper, we tackle a particular case of active
FTC, namely the gain-scheduled fault-accommodation
controller (FAC). The FAC approach can be described as
a form of FTC in which the main purpose is to mitigate
the fault effect as quickly as possible until a proper fix is
made.

While Linear Time-Variant (LTI) systems have been thor-
oughly studied for the past century, their practical use for
the modeling and design of high-performance control sys-
tems is limited due to the inaccuracies introduced by ne-
glecting the high-order terms. There are several modeling
approaches that cater to this restriction while remaining in
the linear framework. One that stands out from the others
for its usability is the so-called linear parameter varying

Gain-Scheduled Controller for Fault
Accommodation in Linear Parameter

Varying Systems with Imprecise
Measurements

L. P. Carvalho ∗,∗∗∗ J. M. Palma ∗∗ T. E. Rosa ∗∗∗

B. Jayawardhana ∗∗∗ O. L. V. Costa ∗

∗ Depto. Eng. Telecomunicações e Controle, Escola Politécnica da
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Computación e Industrias, Universidad Católica del Maule - UCM
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Computación e Industrias, Universidad Católica del Maule - UCM
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(LPV) framework, see (Hoffmann and Werner, 2014). The
LPV framework allows us to design control systems that
work on an entire operating range of a system, by modeling
specific parameters that linearly vary in a nominal situa-
tion (without fault), as, for instance, the output-feedback
controllers exploited in (Rosa et al., 2018). From the above,
the LPV system framework is perceived as a suitable tool
to employ to design FTC for systems with this varying
behavior, for example, semi-active suspension of a car with
changing weight (Nguyen et al., 2015), wind turbines (Shi
and Patton, 2015).

The LPV system framework has been successfully applied
in the context of FTC, as we can see in the literature. In
(Behzad et al., 2018), a fault-tolerant control approach
is presented, where the authors apply a reconciliator
to accommodate the fault without changing the control
law. The approach introduced in (Lopez-Estrada et al.,
2014) tackles sensor fault detection under the descriptor
LPV framework where the scheduling function can not be
measured. The results in (Hamouda et al., 2013) pertain
to FTC approach that is based on a fuzzy model-based
predictive control framework for a quasi-LPV system. The
results proposed in (Liu and Xue, 2016) are based on
the hybrid use of Kalman filter and velocity-based LPV
to provide a performance degradation estimation method
as a fault detection and identification (FDI) approach.
While all the aforementioned works consider that the
LPV parameters are accessible or that their use provides
a robust solution, it remains an active research topic
on dealing with practical situations where the varying
parameters are not accessible or are imprecisely measured,
which is the motivation of the present paper.

The main contributions of this paper are the design of H∞
and H2 FACs for discrete-time LPV systems, which are
obtained via BMIs and based on the results in (De Caigny
et al., 2010, 2012). The control design approaches that
we propose are inspired by the gain-scheduled structure
presented in (Apkarian and Adams, 2000; Sato et al.,
2010). In summary, the main highlights are:

• analysis of the H∞ and H2 FAC problem under
the discrete-time LPV framework based on BMIs
considering that LPV parameter is assumed to be
contaminated by additive noise.

• numerical simulations exemplifying the proposed ap-
proaches.

The provided BMI conditions allow the design of FAC in
two distinct forms: robust, and affine. The robust form
considers that the time-varying parameter is not taking
into account during the design of the FAC, while the
affine form stands for the affine dependency of the FAC
matrices on the time-varying parameters. The novelty in
the proposed solutions is the assumption that the gain-
scheduled parameter is not directly accessible, instead, it
is considered that the gain-scheduled parameter has an
additive noise. This additive noise can be understood as
the imprecisions of the estimation process of the gain-
scheduled parameter.

The remainder of this paper is organized in the following
way. Section 2 provides the notation used throughout the
paper and the problem formulation. Section 3 introduces

the main contributions of the present paper. Section 4
presents an illustrative simulation. The conclusions are
provided in Section 5.

2. PROBLEM STATEMENT

2.1 Notation

The natural numbers are represented by N, and Nn denotes
the n-th dimensional space. The operator Tr(·) represents
the trace of a square matrix. A diagonal matrix is denoted
by Diag(·). The inverse of a matrix is denoted by A−1. The
mathematical expectation is denoted by E(·). We consider
that A = A′ > 0 means that A is positive definite and
symmetric. The symbol ′ represents the transpose of a
matrix, and the operator Her(X) denotes the symmetric
sum Her(X) = X+X ′. The symbol • represents symmetric
block in a symmetric matrix.

We describe the unit-simplex as

ΛN �
{
(ξ1, . . .ξN ) ∈ RN :

N∑
i=1

ξi = 1, ξi ≥ 0, i = 1, . . . , N
}
.

(1)

Considering the unit-simplex in (1) with dimension of N ,
a polynomial is assumed to be a Homogeneous Polynomial
with a degree of o, for a positive integer o, if the sum of
the degree in all terms of each monomials are equal to p,
e.g. considering θ = [θ1, θ2, θ3, θ4], an example for the case

p = 4 would be θ41 + θ21θ2θ3 − θ2θ3θ
2
4. Set K(p)

N as the set
of N -tuples obtained from all possible combinations of N
nonnegative integers kj , j = 1, ..., N , with sum k1 + k2 +
. . . + kN = p. A homogeneous polynomials with p degree
is defined as

A(θ) =
∑

i∈K(p)

N

θiAi, (2)

where θi = θi11 θi22 · · · θiNN = ΠN
j=1θ

ij
j .

2.2 Problem formulation

Consider the following discrete-time linear parameter
varying system,

G :




x(k + 1) = Aθ(k)x(k) +Bθ(k)u(k) +Bθ(k)h(k)

+ Jθ(k)w(k) + Fθ(k)f(k),

y(k) = Cθ(k)x(k) +Dθ(k)w(k)

+Dfθ(k)f(k),

(3)

where x(k) ∈ Rnx , u(k) ∈ Rnu , w(k) ∈ Rnw , and y(k) ∈
Rny , are the system states, control input, exogenous input,
and the measurement signal, respectively. The fault signal
is represented by f(k) ∈ Rnf . The fault accommodation
control signal is denoted by h(k) ∈ Rnu . It is assumed that
the signals w(k), f(k) ∈ L2. Note that all matrices depend
on the index θ(k), which represents a bounded time-
varying parameter, |θi(k)| ≤ ti, ti ∈ R+, i = 1, . . . ,m,
∀ k ≥ 0.

We assume that there is a distinct structure to define
the matrices that compose the system (3), known as the
affine form. The affine form represents the system with a
nominal matrix A0, and a sum of other matrices that each
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We assume that there is a distinct structure to define
the matrices that compose the system (3), known as the
affine form. The affine form represents the system with a
nominal matrix A0, and a sum of other matrices that each

represents a specific parameter subjected to uncertainty.
This formulation is defined as follows

Aθ(k) = A0 +

m∑
i=1

θi(k)A(i), θ(k) ∈ Λm. (4)

where m is the number of parameters subjected to un-
certainties. Observe that the affine form is a particular
case of the homogeneous polynomial in (2) with its degree
equal to 1. Furthermore, if this homogeneous polynomial
has a degree equal to zero, then system (3) is said to be a
parameter-independent system.

The major premise in this work is that the time-varying
parameter θ(k) is not precisely known, instead, we assume
that θ(k) is contaminated by an additive disturbance
σ(k). This disturbance is also considered to be a bounded
time-varying parameter, that is, |σi(k)| ≤ di, for some
di ∈ R+, i = 1, . . . ,m, ∀ k ≥ 0. Hence, we consider that
the nominal and fault accommodation controllers depends

on a linear parameter variable θ̂(k), described by

θ̂i(k) = θi(k) + σi(k) i = 1, . . . ,m. (5)

Assuming the nominal situation (without fault signal),
system (3) is controlled by a state-feedback controller, as
in (De Caigny et al., 2010). Therefore, the nominal control
law is described as

u(k) =

(
K0 +

m∑
i=1

θ̂(k)iKi

)

︸ ︷︷ ︸
=:Kθ̂(k)

x(k). (6)

Since the problem we tackle in this paper regards the
occurrence of faults, the access of the system states x(k)
is unrealistic. Therefore, we assume that the state are es-
timated using some type of adequate procedure. However,
for the sake of simplicity, we are omitting the notation to
avoid overcrowding the equations.

The present paper aims to provide a fault accommodation
controller with the main purpose of producing an auxiliary
control signal whenever a fault occurs, or no input other-
wise. The fault accommodation controller can be described
by

Kc :





η(k + 1) = Aθ̂(k)η(k) +Mθ̂(k)u(k) +Bθ̂(k)y(k),

h(k) = Cθ̂(k)η(k),

η(0) = η0, θ̂(0) = θ̂0,

(7)

where η(k) ∈ Rnη represents the FAC signal, u(k) and
y(k) are, respectively, the control signal from the regular
controller and the measured signal from the system. Note
that the nominal controller (6), and the Fault Accommo-
dation controller (7) depend both only on the estimated

LPV parameter θ̂(k). Therefore, the matrices that com-
pose the FAC (7) can be written using the affine form, as

in (4), where the matrices affinely depend on θ̂(k). Thus,
system (3) depends on the parameter θ(k), while the state-
feedback controller (6) and FAC controller (7) depend on

the parameter θ̂(k).

The augmented system with the state feedback control
law (6) and with the FAC (7) is given by

Gaug :





x̄(k + 1) = Āθ(k)θ̂(k)x̄(k) + B̄θ(k)θ̂(k)w̄(k),

o(k) = C̄θ(k)θ̂(k)x̄(k) + D̄θ(k)θ̂(k)w̄(k),

x̄0 = η0,

(8)

where x̄(k) = [x′(k) η′(k)]′ and w̄(k) = [w′(k) f ′(k)]′.
In order to simplify the visualization of the resulting
LMIs, we omit the time-dependency in the time-varying

parameters by considering hereafter θ = θ(k), and θ̂ =

θ̂(k). The augmented matrices are as follows:

Āθθ̂ =
[

Aθ−BθKθ̂ BθCθ̂

Bθ̂Cθ−Mθ̂Kθ̂ Aθ̂

]
, B̄θθ̂ =

[
Jθ Fθ

Bθ̂Dθ Bθ̂Dfθ

]
,

C̄θ = [ 0 −BθCθ̂ ] , D̄θ = [ 0 Fθ ] .
(9)

The main goal of this paper is to design a FAC as presented
in (7) where the difference o(k) = Fθ(k)f(k) − Bθ̂(k)h(k)

is close to zero, meaning that the fault accommodation
control signal will suppress the fault signal. Therefore, the
optimization problem for the H∞ norm is described as

‖Gaug‖∞ = sup
‖w̄‖2 �=0,w̄∈L2

‖o‖2
‖w̄‖2

< γ, (10)

where γ > 0, as similarly described in (De Caigny et al.,
2010). For the H2 norm case, the optimization problem is
given by

‖Gaug‖2 = lim sup
T→∞

E

{
1

T

T∑
k=0

o(k)′o(k)

}
< δ, (11)

where δ > 0, T is a positive integer that represents the time
horizon, w̄(k) in (8) is a standard white noise (Gaussian
zero-mean in which the covariance matrix is equal to
the identity matrix), and E represents the expected value
operator, see (De Caigny et al., 2010) for more details.

2.3 Parameter under additive uncertainty

After all the aforementioned considerations about the
main characteristics of the system and controllers, we
still need to make a few more remarks with respect
to the time-varying parameters in order to design the
fault accommodation controller (7). Using, for instance,
procedures given in (Lacerda et al., 2016; Briat, 2015),
we can perform a variable transformation to deal with
this type of parameters subjected to additive uncertainty.
These variable transformations, applied to our context can
be seen as

αi1(k) =
θi(k) + ti

2ti
, α̂i1(k) =

σi(k) + di
2di

,

and the original parameters are retrieved as

θi(k) = 2tiαi1(k)− ti, σi(k) = 2diα̂i1(k)− di,

i = 1, · · · ,m.

In our case the sets αi(k) = (αi1(k), αi2(k)), and α̂i(k) =
(α̂i1(k), α̂i2(k)), belongs to the unit-simplex as in (1) with
N = 2, where the sets α(k) = (αi(k), · · · , αm(k)) and
α̂(k) = (α̂i(k), · · · , α̂m(k)) are multi-simplexes Λm,2 =
Λ2 × · · · × Λ2 with m terms. Therefore, the variables in
the multi-simplex are α̃(k) = (α(k), α̂(k)), where α(k) is
related to θ(k), and α̂(k) with σ(k) (the additive noise
time-varying parameter). This variable change presented
above is of utmost importance to the numerical procedure
to design the FAC in (7).
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3. MAIN CONTRIBUTION

In this section we present our main results on obtaining a
gain-scheduled fault accommodation controllers for LPV
systems, having as performance indexes the H∞ and H2

norms.

It is essential to explain that the results will be presented in

terms of the original parameters θ(k) and θ̂(k) to feature
that the FAC designed depends solely on the measured

parameter θ̂(k). Afterwards, in order to solve the theorems
presented in this section it is imperative the use of the
change of variables in sub-section 2.3 and rewriting all
matrices in terms of the multi-simplex parameter α̃ ∈
Λm,2. As previously stated, to easy the notation, we set

θ = θ(k), θ̂ = θ̂(k), and β = θ(k + 1).

3.1 H∞ Fault Accommodation Control Design

Firstly, we present a theorem for obtaining a gain-
scheduled FAC using the H∞ norm.

Theorem 1. If there exist symmetric positive definite ma-
trices W11θ, W22θ matrices W12θ, Y1θ̂, Y2θ̂, Y̌θ̂, Ωθ̂, ∇θ̂,
Γθ̂, Cηθ̂ with compatible dimensions, and a given scalar

parameter ξ such that the following inequality holds for

all θ, θ̂, β, under the boundaries |σi(k)| ≤ di, |θi(k)| ≤ ti.[
Π4×4

• • • •
• • • •
• • • •

ξ(Y1θ̂Jθ+Ωθ̂Dθ) ξ(Y̌θ̂Fθ+Ωθ̂Dfθ) 0

ξ(Y2θ̂Jθ+Ωθ̂Dθ) ξ(Y̌θ̂Fθ+Ωθ̂Dfθ) BθCηθ̂

Y1θ̂Jθ+Ωθ̂Dθ Y̌θ̂Fθ+Ωθ̂Dfθ 0

Y2θ̂Jθ+Ωθ̂Dθ Y̌θ̂Fθ+Ωθ̂Dfθ 0

−γ2I 0 0

• −γ2I 0
• • −I



< 0,

(12)

with

Π1,1 = −W11θ + ξHer(Y1θ̂Aθ − Y1θ̂BθKθ̂ +Ωθ̂Cθ − Γθ̂Kθ̂),

Π1,2 = −W12θ + ξ(Y1θ̂BθCηθ̂ +∇θ̂ + (A′
θ −K′

θ̂
B′

θ)Y̌
′
θ̂

+ C′
θΩ

′
θ̂
−K′

θ̂
Γ′
α̃),

Π1,3 = (A′
θ −K′

θ̂
B′

θ)Y
′
1θ̂

+ C′
θΩ

′
θ̂
−K′

θ̂
Γ′
θ̂
− ξY1θ̂,

Π1,4 = (A′
θ −K′

θ̂
B′

θ)Y
′
2θ̂

+ C′
θΩ

′
θ̂
−K′

θ̂
Γ′
θ̂
− ξY̌θ̂,

Π2,2 = −W22θ̂ + ξHer(Y1θ̂BθCηθ̂ +∇θ̂),

Π2,3 = C′
ηθ̂

B′
θY

′
1θ̂

+∇′
θ̂
− ξY2θ̂, Π2,4 = C′

ηθ̂
B′

θY
′
1θ̂

+ Γ′
θ̂
− ξY̌θ̂,

Π3,3 = −W11β −Her(Y1θ̂), Π3,4 = −W12β − Y̌θ̂ − Y ′
2θ̂
,

Π4,4 = −W22β −Her(Y̌θ̂),

then a suitable linear parameter-varying FAC, as in (7),
is given by Aηθ̂ = Y̌ −1

θ̂
∇θ̂, Bηθ̂ = Y̌ −1

θ̂
Ωθ̂, Mηθ̂ = Y̌ −1

θ̂
Γθ̂,

and Cηθ̂, and (10) is satisfied.

Proof: Consider the augmented matrices in (8), and the
following structure for Wθ, Wβ , Yθ̂

Wθ =
[
W11θ W12θ

W ′
12θ W22θ

]
, Wβ =

[
W11β W12β

W ′
12β W22β

]
,

Yθ̂ =
[
Y1θ̂ Y̌θ̂

Y2θ̂ Y̌θ̂

]
. (13)

From the above, the constraints (12) can be rewritten as

Q+ U ′
θθ̂
Y′

θ̂
V + V ′Yθ̂Uθθ̂ < 0, (14)

where

Q =




−Wθ 0 0 C̄′
θθ̂

0 −Wβ 0 0

0 0 −γ2I D̄′
θθ̂

C̄θθ̂ 0 D̄θθ̂ −I


 ,

Uθθ̂ = [ Āθθ̂ −I B̄θθ̂ 0 ]
V ′ = [ ξI I 0 0 ] .

, (15)

Pre- and post-multiplying (14) by

Bθθ̂ =

[
I Ā′

θθ̂
0 0

0 B̄′
θθ̂

I 0

0 0 0 I

]
, (16)

and then applying the Schur complement we have that (12)
implies the constraint in (de Souza et al., 2006, Lemma 3),
which yields (10), completing the proof. �

3.2 H2 Fault Accommodation Control Design

We present as follows a theorem that proposes a FAC
having the H2 norm as a performance index.

Theorem 2. If there exist symmetric positive definite ma-
trices W11θ, W22θ, Mθ and matrices W12θ, X̌θ̂, X1θ̂, X2θ̂,
Ωθ̂, ∇θ̂, Γθ̂, Cηθ̂ with compatible dimensions, and a given

scalar parameter ξ such that the following inequality holds

for all θ, β, θ̂ under the boundaries |σi(k)| ≤ di, |θi(k)| ≤
ti. [

Ψ3×4

• • • W22θ−Her(X̌
θ̂
)

• • • •
• • • •

ξ(X
1θ̂

Jθ+Ω
θ̂
Dθ) ξ(X̌

θ̂
Fθ+Ω

θ̂
Dfθ)

ξ(X
2θ̂

Jθ+Ω
θ̂
Dθ) ξ(X̌

θ̂
Fθ+Ω

θ̂
Dfθ)

X
1θ̂

Jθ+Ω
θ̂
Dθ X̌

θ̂
Fθ+Ω

θ̂
Dfθ

X
2θ̂

Jθ+Ω
θ̂
Dθ X̌

θ̂
Fθ+Ω

θ̂
Dfθ

−I 0
• −I


 < 0,

(17)

with

Ψ1,1 = −W11θ + ξHer(X1θ̂Aθ −X1θ̂BθKθ̂ +Ωθ̂Cθ − Γθ̂Kθ̂),

Ψ1,2 = −W12θ + ξ(X1θ̂BθCηθ̂ +∇θ̂ + (A′
θ −K′

θ̂
B′

θ̂
)X̌′

θ̂

+ C′
θΩ

′
θ̂
−K′

θ̂
Γ′
θ̂
),

Ψ1,3 = (A′
θ −K′

θ̂
B′

θ)X
′
1θ̂

+ C′
θΩ

′
θ̂
−K′

θ̂
Γ′
θ̂
− ξX1θ̂,

Ψ1,4 = (A′
θ −K′

θ̂
B′

θ)X
′
2θ̂

+ C′
θΩ

′
θ̂
−K′

θ̂
Γ′
θ̂
− ξX̌θ̂,

Ψ2,2 = −W22θ + ξHer(X1θ̂BθCηθ̂ +∇θ̂),

Ψ2,3 = C′
ηθ̂

B′
θX

′
1θ̂

+∇′
θ̂
− ξX2θ̂,

Ψ2,4 = C′
ηθ̂

B′
θX

′
1θ̂

+ Γ′
θ̂
− ξX̌θ̂, Ψ3,3 = −W11β −Her(X1θ̂),

Ψ3,4 = −W12β − X̌θ̂ −X′
2θ̂
,




Mθ 0 Bθθ̂Cηθ̂ 0 Fθ

• W11θ W12θ 0 0
• • W22θ 0 0
• • • I 0
• • • • I


 > 0, (18)

Tr(Mθ) > δ2, (19)

then a suitable linear parameter-varying FAC as in (7), is
given by Aηθ̂ = X̌−1

θ̂
∇θ̂, Bηθ̂ = X̌−1

θ̂
Ωθ̂, Mηθ̂ = X̌−1

θ̂
Γθ̂,

and Cηθ̂ which satisfies (11).

Proof: Consider the augmented matrices in (8), and the
following structure for Wθ, Wβ , Xθ̂

Wθ =
[
W11θ W12θ

W ′
12θ W22θ

]
, Wβ =

[
W11β W12β

W ′
12β W22β

]

Xθ̂ =
[
X1θ̂ X̌θ̂

X2θ̂ X̌θ̂

]
. (20)

The inequality (17) can be rewritten as

Q + U ′
θθ̂
X′

θ̂
V + V ′Xθ̂Uθθ̂ < 0, (21)
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3. MAIN CONTRIBUTION

In this section we present our main results on obtaining a
gain-scheduled fault accommodation controllers for LPV
systems, having as performance indexes the H∞ and H2

norms.

It is essential to explain that the results will be presented in

terms of the original parameters θ(k) and θ̂(k) to feature
that the FAC designed depends solely on the measured

parameter θ̂(k). Afterwards, in order to solve the theorems
presented in this section it is imperative the use of the
change of variables in sub-section 2.3 and rewriting all
matrices in terms of the multi-simplex parameter α̃ ∈
Λm,2. As previously stated, to easy the notation, we set

θ = θ(k), θ̂ = θ̂(k), and β = θ(k + 1).

3.1 H∞ Fault Accommodation Control Design

Firstly, we present a theorem for obtaining a gain-
scheduled FAC using the H∞ norm.

Theorem 1. If there exist symmetric positive definite ma-
trices W11θ, W22θ matrices W12θ, Y1θ̂, Y2θ̂, Y̌θ̂, Ωθ̂, ∇θ̂,
Γθ̂, Cηθ̂ with compatible dimensions, and a given scalar

parameter ξ such that the following inequality holds for

all θ, θ̂, β, under the boundaries |σi(k)| ≤ di, |θi(k)| ≤ ti.[
Π4×4

• • • •
• • • •
• • • •

ξ(Y1θ̂Jθ+Ωθ̂Dθ) ξ(Y̌θ̂Fθ+Ωθ̂Dfθ) 0

ξ(Y2θ̂Jθ+Ωθ̂Dθ) ξ(Y̌θ̂Fθ+Ωθ̂Dfθ) BθCηθ̂

Y1θ̂Jθ+Ωθ̂Dθ Y̌θ̂Fθ+Ωθ̂Dfθ 0

Y2θ̂Jθ+Ωθ̂Dθ Y̌θ̂Fθ+Ωθ̂Dfθ 0

−γ2I 0 0

• −γ2I 0
• • −I



< 0,

(12)

with

Π1,1 = −W11θ + ξHer(Y1θ̂Aθ − Y1θ̂BθKθ̂ +Ωθ̂Cθ − Γθ̂Kθ̂),

Π1,2 = −W12θ + ξ(Y1θ̂BθCηθ̂ +∇θ̂ + (A′
θ −K′

θ̂
B′

θ)Y̌
′
θ̂

+ C′
θΩ

′
θ̂
−K′

θ̂
Γ′
α̃),

Π1,3 = (A′
θ −K′

θ̂
B′

θ)Y
′
1θ̂

+ C′
θΩ

′
θ̂
−K′

θ̂
Γ′
θ̂
− ξY1θ̂,

Π1,4 = (A′
θ −K′

θ̂
B′

θ)Y
′
2θ̂

+ C′
θΩ

′
θ̂
−K′

θ̂
Γ′
θ̂
− ξY̌θ̂,

Π2,2 = −W22θ̂ + ξHer(Y1θ̂BθCηθ̂ +∇θ̂),

Π2,3 = C′
ηθ̂

B′
θY

′
1θ̂

+∇′
θ̂
− ξY2θ̂, Π2,4 = C′

ηθ̂
B′

θY
′
1θ̂

+ Γ′
θ̂
− ξY̌θ̂,

Π3,3 = −W11β −Her(Y1θ̂), Π3,4 = −W12β − Y̌θ̂ − Y ′
2θ̂
,

Π4,4 = −W22β −Her(Y̌θ̂),

then a suitable linear parameter-varying FAC, as in (7),
is given by Aηθ̂ = Y̌ −1

θ̂
∇θ̂, Bηθ̂ = Y̌ −1

θ̂
Ωθ̂, Mηθ̂ = Y̌ −1

θ̂
Γθ̂,

and Cηθ̂, and (10) is satisfied.

Proof: Consider the augmented matrices in (8), and the
following structure for Wθ, Wβ , Yθ̂

Wθ =
[
W11θ W12θ

W ′
12θ W22θ

]
, Wβ =

[
W11β W12β

W ′
12β W22β

]
,

Yθ̂ =
[
Y1θ̂ Y̌θ̂

Y2θ̂ Y̌θ̂

]
. (13)

From the above, the constraints (12) can be rewritten as

Q+ U ′
θθ̂
Y′

θ̂
V + V ′Yθ̂Uθθ̂ < 0, (14)

where

Q =




−Wθ 0 0 C̄′
θθ̂

0 −Wβ 0 0

0 0 −γ2I D̄′
θθ̂

C̄θθ̂ 0 D̄θθ̂ −I


 ,

Uθθ̂ = [ Āθθ̂ −I B̄θθ̂ 0 ]
V ′ = [ ξI I 0 0 ] .

, (15)

Pre- and post-multiplying (14) by

Bθθ̂ =

[
I Ā′

θθ̂
0 0

0 B̄′
θθ̂

I 0

0 0 0 I

]
, (16)

and then applying the Schur complement we have that (12)
implies the constraint in (de Souza et al., 2006, Lemma 3),
which yields (10), completing the proof. �

3.2 H2 Fault Accommodation Control Design

We present as follows a theorem that proposes a FAC
having the H2 norm as a performance index.

Theorem 2. If there exist symmetric positive definite ma-
trices W11θ, W22θ, Mθ and matrices W12θ, X̌θ̂, X1θ̂, X2θ̂,
Ωθ̂, ∇θ̂, Γθ̂, Cηθ̂ with compatible dimensions, and a given

scalar parameter ξ such that the following inequality holds

for all θ, β, θ̂ under the boundaries |σi(k)| ≤ di, |θi(k)| ≤
ti. [

Ψ3×4

• • • W22θ−Her(X̌
θ̂
)

• • • •
• • • •

ξ(X
1θ̂

Jθ+Ω
θ̂
Dθ) ξ(X̌

θ̂
Fθ+Ω

θ̂
Dfθ)

ξ(X
2θ̂

Jθ+Ω
θ̂
Dθ) ξ(X̌

θ̂
Fθ+Ω

θ̂
Dfθ)

X
1θ̂

Jθ+Ω
θ̂
Dθ X̌

θ̂
Fθ+Ω

θ̂
Dfθ

X
2θ̂

Jθ+Ω
θ̂
Dθ X̌

θ̂
Fθ+Ω

θ̂
Dfθ

−I 0
• −I


 < 0,

(17)

with

Ψ1,1 = −W11θ + ξHer(X1θ̂Aθ −X1θ̂BθKθ̂ +Ωθ̂Cθ − Γθ̂Kθ̂),

Ψ1,2 = −W12θ + ξ(X1θ̂BθCηθ̂ +∇θ̂ + (A′
θ −K′

θ̂
B′

θ̂
)X̌′

θ̂

+ C′
θΩ

′
θ̂
−K′

θ̂
Γ′
θ̂
),

Ψ1,3 = (A′
θ −K′

θ̂
B′

θ)X
′
1θ̂

+ C′
θΩ

′
θ̂
−K′

θ̂
Γ′
θ̂
− ξX1θ̂,

Ψ1,4 = (A′
θ −K′

θ̂
B′

θ)X
′
2θ̂

+ C′
θΩ

′
θ̂
−K′

θ̂
Γ′
θ̂
− ξX̌θ̂,

Ψ2,2 = −W22θ + ξHer(X1θ̂BθCηθ̂ +∇θ̂),

Ψ2,3 = C′
ηθ̂

B′
θX

′
1θ̂

+∇′
θ̂
− ξX2θ̂,

Ψ2,4 = C′
ηθ̂

B′
θX

′
1θ̂

+ Γ′
θ̂
− ξX̌θ̂, Ψ3,3 = −W11β −Her(X1θ̂),

Ψ3,4 = −W12β − X̌θ̂ −X′
2θ̂
,




Mθ 0 Bθθ̂Cηθ̂ 0 Fθ

• W11θ W12θ 0 0
• • W22θ 0 0
• • • I 0
• • • • I


 > 0, (18)

Tr(Mθ) > δ2, (19)

then a suitable linear parameter-varying FAC as in (7), is
given by Aηθ̂ = X̌−1

θ̂
∇θ̂, Bηθ̂ = X̌−1

θ̂
Ωθ̂, Mηθ̂ = X̌−1

θ̂
Γθ̂,

and Cηθ̂ which satisfies (11).

Proof: Consider the augmented matrices in (8), and the
following structure for Wθ, Wβ , Xθ̂

Wθ =
[
W11θ W12θ

W ′
12θ W22θ

]
, Wβ =

[
W11β W12β

W ′
12β W22β

]

Xθ̂ =
[
X1θ̂ X̌θ̂

X2θ̂ X̌θ̂

]
. (20)

The inequality (17) can be rewritten as

Q + U ′
θθ̂
X′

θ̂
V + V ′Xθ̂Uθθ̂ < 0, (21)

where

Q =

[
−Wθ 0 0

0 −Wβ 0
0 0 −I

]
, U ′

θθ̂
=

[
Ā′

θθ̂

−I
B̄′

θθ̂

]
, V =

[
ξI
I
0

]
. (22)

Assume the null bases for U and V as

N ′
U =

[
I Ā′

θθ̂
0

0 B̄′
θθ̂

0

]
, N ′

V =
[−I ξI 0

0 0 I

]
. (23)

By pre- and post-multiplying (21) by NU , and, using the
Schur complement twice we obtain the same constraints
as presented in (De Caigny et al., 2010, Theorem 2).
The results within (De Caigny et al., 2010) show that
(De Caigny et al., 2010, Theorem 2) is equivalent to (11).
Concerning the constraint (19), we use the same variable
substitution as described at the start of the proof and
applying the the Schur complement twice we get that
the constraint (19) is equivalent to second constraint in
(De Caigny et al., 2010, Theorem 2). This concludes the
proof. �.

3.3 Coordinate Descend Algorithm

Note that the constraints in Theorem 1 and 2 are BMIs,
due to the term Cηθ̂ multiplying other variables in the

problems. To solve an optimization problem in the context
of BMI forms, we can use, for instance, the Coordinate
Descent Algorithm (CDA), as it was applied in (Carvalho
et al., 2020). The algorithm implemented to solve the
constraints in this paper is given as follows.

Algorithm 1. Coordinate Descent Algorithm.

Input: K0
θ̂
, γ0 or δ0, tmax, φ.

Output: Aηθ̂, Bηθ̂, Mηθ̂, Cηθ̂.

Initialization:
While: γt−1−γt

γt−1 ≤ φ or t ≤ tmax do:

Step 1: Solve the constraint in Theorem 1 or 2 considering
Cθ̂ as a constant, to initialize the algorithm the first value
of Cηθ̂ can be set as K which can be obtained using the

results in (Montagner et al., 2005). Obtain the values of
Y1θ̂, for the Theorem 1 or X1θ̂ for the Theorem 2.
Step 2: Solve the constraint in Theorem 1 or 2 this time
using the values of Y1θ̂ or X1θ̂ obtained in Step 1 and Cηθ̂

as a variable. Obtain the value of γt+1 for Theorem 1 or
δt+1 Theorem 2.

Notice that the inputs K0
θ̂
represent the starting value of

Cηθ̂, γ
0 or δ0 are the input to calculate the stop criteria

at the first iteration, φ is the stop criteria, and tmax is the
maximum number of iterations.

Remark I : The optimization problems in Theorems 1 and
2 are defined as infinite dimension optimization problems
so that, in order to solve such problems, it is necessary to
use the change of variables defined in subsection 2.3. After
that, the matrices in the system (3), in the controller (6)
and in the FAC (7) must be rewritten using the multi-
simplex α̃(k), as explained in the procedure described
in (Lacerda et al., 2016), which uses the polynomial ho-
mogenisation process presented in (Oliveira et al., 2008).
This procedure can be done using the parse ROLMIP
(Robust LMI Parse) toolbox (Agulhari et al., 2019) as-
sociated with the parse YALMIP (Lofberg, 2004). These
computational tools allow us to write the problem using

polynomial relaxations, permitting us to automatically
solve this problem using the usual semi-define program-
ming solvers.

Remark II: Throughout this paper we mentioned the ro-
bust and affine form of the controllers. In order to define
which form is used, it is necessary to set the polyno-
mial degree associated with the following optimization
variables: ∇θ̂, Ωθ̂, Γθ̂, Θθ̂, X̄θ̂, X̌θ̂, Ȳθ̂, and Y̌θ̂. If the
affine form is desired, then the polynomial degree of the
mentioned variables needs to be set in 1. In the case of
the controller with the robust form, this degree is set to 0.
This polynomial degree choice is made at the programming
level using ROLMIP, for more details about ROLMIP
(Agulhari et al., 2019). The variables W11θ, W12θ, W22θ,
W11θ,W12θ, andW22θ degree can also be changed with the
same approach. Notice however that the only advantage in
setting up a higher degree is that the optimization problem
will be less conservative, at the cost of more computational
effort.

4. NUMERICAL EXEMPLE

To illustrate the viability of the proposed approaches,
we apply our method to a simple quarter vehicle model
system, (Nguyen et al., 2015). The states vector for the
linearized model is x(k) = [zs żs zus żus], which represent
the displacement for the sprung mass, its variation, the
displacement for the mass unsprung, and its variation. The
matrices that compose the discrete-time system are

A1 =

[
0.99 0.01 0.00 0.00
−0.23 0.97 0.05 0.02
0.01 0.00 0.98 0.00
1.75 0.17 −14.42 0.81

]
, A2 =

[
0.99 0.00 0.00 0.00
−0.19 0.98 0.04 0.01
0.00 0.00 0.98 0.00
1.75 0.17 −14.42 0.81

]
,

B1 =

[
−0.00
−0.017
0.0006
0.13

]
, B2 =

[
−0.00
−0.018
0.00
0.14

]
, J =

[
0.00
−0.02
0.00
0.014

]
, F =

[
−0.00
−0.018
0.00
0.14

]
,

C =
[
1 0 0 0
0 0 1 0

]
, D =

[
−0.01
0.10

]
, Df =

[
0
0

]
,

|θ(k)|≤ti=0.05,
|σ(k)|≤di=0.005

from where we can see that the time-varying parameter
θ(k) affects the dynamical behavior of the system in A and
B, forming a polytope with 2 vertices. In this way, matrices
A1, B1 and A2, B2 represent the vertices of such polytope.
The other matrices are not affected by the time-varying
parameter, therefore, their degree of dependence on the
parameter θ(k) is 0. Note that, the matrix F has the same
structure of the control input matrix B, for the purpose
of representing an abnormal input on the first tank. Since
in this example we are not considering the presence of
any sensor fault, we have that, Df is null. We assume
that the nominal gain-scheduled state-feedback controllers
are obtained using the method described in (Montagner
et al., 2005, Lemma 2), where the authors search for such
controllers in the context of LPV systems without faults.
The resulted controller for the system of this example is

Kaff1 = [−0.1201 −0.2372 6.3420 0.4433 ]× 104,

Kaff2 = [ 0.3094 0.0391 −1.5798 0.0369 ]× 104.

The range of the disturbance σ(k) is defined a priori, and
we arbitrarily set its range in |σ(k)| ≤ di = 0.005. The

value of θ̂(k) is obtained implementing a RLS algorithm
(Diniz, 2013; Sayed, 2011).

In the first part of this example, we apply separately
Theorems 1 and 2 searching, respectively, for the upper
bounds of the H∞ and H2 norms (γ and δ). For doing so,
we perform a search in the scalar ξ in the range ]−0.9 0.9[
with 10 steps with same length. A discussion about the ξ
range is made in (Rosa et al., 2018).
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Additionally, we consider the affine and robust structures
for the FDF, that is, one structure that depends on
the estimated parameter with degree 1 and another with
degree 0. The upper bounds γ and δ obtained with the
aforementioned considerations are shown in Fig. 1. From
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Fig. 1. Upper bound behavior for Theorems 1 (H∞ norm)
and 2 (H2 norm) when scalar ξ vary for the Robust,
and Affine form.

this figure, note that the scalar search was more effective
for the Robust form than the results obtained using the
Affine form. This discrepancy was expected since the
Robust form is a more restrict optimization problem,
hence, performing the scalar search provides a higher
impact on the results for the Robust form. Summing up,
the results presented in Fig. 1, shows that the using Affine
form in this example, provides better results since the
upper bound values obtained for both H∞and H2norms
are in general, lower than the values obtained for the
Robust form. Therefore, for the temporal simulations we
analyze the results obtained using solely the affine form,
which we highlight as follows.

The FAC in the affine form obtained applying Theorem 1
with ξ = −0.6 is given by

A∞
ηaff0

=

[
0.97 0.31 0.10 0.02
−1.09 −0.03 1.71 −0.21
0.09 0.31 0.53 0.06
1.59 1.04 −24.05 0.19

]
, B∞

ηaff0
=

[
0.31 0.03
−0.95 −0.07
0.31 0.03
0.73 0.49

]

A∞
ηaff1

=

[ −0.13 3.84 7.10 0.14
−24.64 29.02 153.36 −2.17
3.21 −5.35 −19.71 0.13

−92.32 453.01 596.26 26.82

]
, B∞

ηaff1
=

[
3.65 0.36
31.79 3.17
−6.04 −0.60
463.43 46.33

]
,

M∞
ηaff0

=

[
0.00
0.02
−0.00
0.11

]
, M∞

ηaff1
=

[
0.00
0.02
0.00
−0.21

]
,

C∞
ηaff0

= [−2.09 −0.08 8.54 −0.65 ] 104,

C∞
ηaff1

= [−0.87−0.105.59−0.19 ] 104.

The affine filter obtained with Theorem 2 with ξ = −0.6
is given by

A2
ηaff0

=

[
0.99 0.00 −0.00 0.00
−0.47 2.11 −0.77 0.15
0.02 0.27 0.81 0.03
3.04 −24.91 −30.92 −2.16

]
, B2

ηaff0
=

[
−0.01 0.01
1.16 0.01
0.26 −0.01

−25.21 −0.07

]
,

A2
ηaff1

=

[
1.04 0.41 −0.13 0.05
9.78 107.58 −32.81 13.87
−0.27 −3.46 1.79 −0.45
−79.73 −846.70 225.81 −109.05

]
,

B2
ηaff1

=

[
0.41 −0.05

104.11 −11.68
−3.77 0.39

−807.37 91.51

]
, M2

ηaff0
=

[
−0.00
−0.03
0.01
0.19

]
,

M2
ηaff1

=

[
0.00
−0.01
−0.00
0.02

]
, C2

ηaff0
= [−0.40 −0.04 1.27 −1.02 ] 103,

C2
ηaff1

= [−2.72 −2.44 7.52 −2.95 ] 103.

For this example, we consider that the fault signal rep-
resents an oil leak, which reduces the damping capability

of the system. Consider that the leak starts at t = 2.5s,
which reduces the damping capability by 20%, and then it
gradually lowers until it reaches a reduction of 50%.

We show in Figs. 2 and 3, the respectively results regarding
the output and control signals. From Fig.2, it can be seen
that the control design based on the Affine form provides
a smoother behavior for all three situations of faults. This
particular behavior happens mainly due to the lower level
of conservatism of the Affine form, and also due to the
parameter variation throughout all the simulation time.
Additionally, both FAC approaches provide an accommo-
dation behavior as intended. However, when we compare
the FAC approaches with that of the nominal controller,
the FAC approaches yield a more aggressive control signal,
which is the anticipated behavior. In summary, the pro-
posed fault accommodation control approaches provided a
suitable solution to mitigate the fault signal, and at the
same time does not interfere with the controller when there
is no fault.
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Fig. 2. Output signal for the Affine case.
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Fig. 3. Control signal for the Affine case.

Remark : For this example, the FAC represents an inten-
tional overload on the actuator to mitigate the fault. This
occurs since, for this particular system, there is no parallel
actuator. But, in other circumstances, we can design the
FAC, considering a parallel actuator. When considering a
parallel actuator, the matrix that multiplies h(k), will be
different from the matrix B.

5. CONCLUSION

This paper contributes to the development of a gain-
scheduled fault accommodation controller where the sched-
uled parameter is not directly accessible, but it is es-
timable. The design is attained by using linear matrix
inequalities constraints to derive the gain-scheduled FAC
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Additionally, we consider the affine and robust structures
for the FDF, that is, one structure that depends on
the estimated parameter with degree 1 and another with
degree 0. The upper bounds γ and δ obtained with the
aforementioned considerations are shown in Fig. 1. From
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Fig. 1. Upper bound behavior for Theorems 1 (H∞ norm)
and 2 (H2 norm) when scalar ξ vary for the Robust,
and Affine form.

this figure, note that the scalar search was more effective
for the Robust form than the results obtained using the
Affine form. This discrepancy was expected since the
Robust form is a more restrict optimization problem,
hence, performing the scalar search provides a higher
impact on the results for the Robust form. Summing up,
the results presented in Fig. 1, shows that the using Affine
form in this example, provides better results since the
upper bound values obtained for both H∞and H2norms
are in general, lower than the values obtained for the
Robust form. Therefore, for the temporal simulations we
analyze the results obtained using solely the affine form,
which we highlight as follows.

The FAC in the affine form obtained applying Theorem 1
with ξ = −0.6 is given by

A∞
ηaff0

=

[
0.97 0.31 0.10 0.02
−1.09 −0.03 1.71 −0.21
0.09 0.31 0.53 0.06
1.59 1.04 −24.05 0.19

]
, B∞

ηaff0
=

[
0.31 0.03
−0.95 −0.07
0.31 0.03
0.73 0.49

]

A∞
ηaff1

=

[ −0.13 3.84 7.10 0.14
−24.64 29.02 153.36 −2.17
3.21 −5.35 −19.71 0.13

−92.32 453.01 596.26 26.82

]
, B∞

ηaff1
=

[
3.65 0.36
31.79 3.17
−6.04 −0.60
463.43 46.33

]
,

M∞
ηaff0

=

[
0.00
0.02
−0.00
0.11

]
, M∞

ηaff1
=

[
0.00
0.02
0.00
−0.21

]
,

C∞
ηaff0

= [−2.09 −0.08 8.54 −0.65 ] 104,

C∞
ηaff1

= [−0.87−0.105.59−0.19 ] 104.

The affine filter obtained with Theorem 2 with ξ = −0.6
is given by

A2
ηaff0

=

[
0.99 0.00 −0.00 0.00
−0.47 2.11 −0.77 0.15
0.02 0.27 0.81 0.03
3.04 −24.91 −30.92 −2.16

]
, B2

ηaff0
=

[
−0.01 0.01
1.16 0.01
0.26 −0.01

−25.21 −0.07

]
,

A2
ηaff1

=

[
1.04 0.41 −0.13 0.05
9.78 107.58 −32.81 13.87
−0.27 −3.46 1.79 −0.45
−79.73 −846.70 225.81 −109.05

]
,

B2
ηaff1

=

[
0.41 −0.05

104.11 −11.68
−3.77 0.39

−807.37 91.51

]
, M2

ηaff0
=

[
−0.00
−0.03
0.01
0.19

]
,

M2
ηaff1

=

[
0.00
−0.01
−0.00
0.02

]
, C2

ηaff0
= [−0.40 −0.04 1.27 −1.02 ] 103,

C2
ηaff1

= [−2.72 −2.44 7.52 −2.95 ] 103.

For this example, we consider that the fault signal rep-
resents an oil leak, which reduces the damping capability

of the system. Consider that the leak starts at t = 2.5s,
which reduces the damping capability by 20%, and then it
gradually lowers until it reaches a reduction of 50%.

We show in Figs. 2 and 3, the respectively results regarding
the output and control signals. From Fig.2, it can be seen
that the control design based on the Affine form provides
a smoother behavior for all three situations of faults. This
particular behavior happens mainly due to the lower level
of conservatism of the Affine form, and also due to the
parameter variation throughout all the simulation time.
Additionally, both FAC approaches provide an accommo-
dation behavior as intended. However, when we compare
the FAC approaches with that of the nominal controller,
the FAC approaches yield a more aggressive control signal,
which is the anticipated behavior. In summary, the pro-
posed fault accommodation control approaches provided a
suitable solution to mitigate the fault signal, and at the
same time does not interfere with the controller when there
is no fault.
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Remark : For this example, the FAC represents an inten-
tional overload on the actuator to mitigate the fault. This
occurs since, for this particular system, there is no parallel
actuator. But, in other circumstances, we can design the
FAC, considering a parallel actuator. When considering a
parallel actuator, the matrix that multiplies h(k), will be
different from the matrix B.

5. CONCLUSION

This paper contributes to the development of a gain-
scheduled fault accommodation controller where the sched-
uled parameter is not directly accessible, but it is es-
timable. The design is attained by using linear matrix
inequalities constraints to derive the gain-scheduled FAC

with the H∞ and H2 guaranteed cost as the performance
index. As demonstrated in the numerical example in Sec-
tion 4, the proposed approach is a viable solution to
mitigate the fault interference on the nominal behavior
of the system. From the numerical simulations, it is shown
that the proposed approach does not affect the nominal
controller performance when there is no fault occurrence,
which is a desirable trait.
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