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ABSTRACT This article proposes a data-driven passive fault-tolerant tracking controller for single-input
single-output (SISO) discrete-time linear systems with slowly-varying unknown parameters in the presence
of actuator faults. Initially, a parameterized controller is considered. Using the internal model principle, the
controller structure is determined such that the passive-fault-tolerance and tracking objectives are achieved.
The obtained fixed-structure controller is utilized for both normal and faulty conditions without using any
feedback from the fault information. Thus, the controller is simple to implement and responds fast to the
effects of faults. Then, using a data-driven technique and based on the input/output (I/O) data, the controller
parameters are adjusted online to tackle the problem of parameter variation. A data-based constraint on
the controller parameters is proposed for ensuring the stability of the closed-loop system. The proposed
technique is extended to multi-input multi-output (MIMO) systems using the sequential loop closing concept
and the relay auto-tuning method. Simulation results of applying the proposed controller to a direct current
(DC) servo motor and a three-tank system demonstrate its effectiveness.
INDEX TERMS Data-driven control, fault-tolerant control, internal model principle, linear parametervarying systems, tracking control.

I. INTRODUCTION

INEAR parameter-varying (LPV) systems are dynamical systems whose models depend on time-varying
parameters. These systems are often used to model nonlinear
systems. Indeed, the time-varying parameters interpret the
location of the system’s operating points. Since the introduction of the LPV paradigm in 1988 [1], it has become
a standard formalism in the systems control, and a lot of
research has been done on the synthesis of controllers for
LPV systems [2]–[5].
In practical engineering, faults are usually inevitable and
can occur in actuators, sensors, and/or internal components of
the controlled system. Faults have deteriorative effects on the
closed-loop performance and may cause severe performance
degradation or even lead to system instability. Therefore, it is
so important to design controllers that maintain the stability
and performance of the system under the undesirable effects

L

of faults and enhance the system safety and reliability. A
lot of techniques have been proposed in the area of faulttolerant control (FTC) (e.g., [6], [7] are survey articles on the
topic). Abrupt and gradual faults are common types of faults
that have received significant attention in the literature. For
instance, the problem of detecting and diagnosing the gradual
faults for linear time-invariant systems has been investigated
in [8]. In [9], based on the marginalized likelihood ratio
approach, a unified framework has been proposed for the
detection and isolation of abrupt-type faults in linear timeinvariant systems.
The FTC methods can be primarily classified into active
and passive methods. Active methods are based on fault
detection and diagnosis (FDD) [10]–[12]. Passive methods
are independent of FDD and use a fixed controller that is
robust against faults for both of the normal and faulty cases
[13]. There are several studies available in the literature to
1
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design FTCs for LPV systems. For instance, unknown input
observers have been designed to estimate the abrupt and
gradual actuator faults for LPV systems in [14], [15]. In [16],
an adaptive polytopic observer has been designed to estimate
abrupt and time-varying actuator faults for LPV systems.
Active and passive FTCs for LPV systems in the presence
of actuator faults have been investigated in [17] and [18], respectively. These approaches use the system model and have
the drawback of difficulty to identify the model of the system.
Furthermore, the modeling error can decrease the control
performance. Indirect and direct adaptive controls have also
been developed for controlling LPV systems, but they also
explicitly or implicitly utilize the model information and
rely on the model accuracy. Online measurement data and
historical data collected from plants and recorded during
their operations are easily available and can be directly used
to design successful controllers. It is worthy to design the
controller using data and without the usage of the process
model thanks to the development of computers, which can
process a large amount of data.
Data-driven controls (DDCs) are a group of techniques
in which the controller is directly designed using the input/output (I/O) data without utilizing any information from
the mathematical model of the system. The studies on DDC
techniques have attracted considerable attention in recent
years. Existing methods in literature have designed DDCs
for LPV systems without considering the occurrence of
faults [19]–[23]. Besides, some data-driven fault-tolerant
techniques based on fault detection and diagnosis have been
proposed, which are considered as active fault-tolerant techniques and can be applied to LPV systems [24]–[28]. For
instance, a data-driven output-feedback fault-tolerant compensation scheme has been proposed for time-varying linear systems under the digital proportional-integral-derivative
(PID) control in [25]. In [26], a data-driven output-feedback
fault-tolerant tracking control has been proposed and applied
to a direct current servo motor. Active FTCs have the drawbacks of complexity and decreasing their performance due to
time delay of online FDDs before computing and applying
control signals. In comparison, passive FTCs are simple to
be implemented and respond faster to the effects of faults.
To the best of our knowledge, there is a literature gap in designing data-driven passive fault-tolerant controllers for LPV
systems. In this paper, a data-driven passive fault-tolerant
tracking controller is proposed for single-input single-output
(SISO) discrete-time linear systems with slowly-varying unknown parameters considering the occurrence of abrupt and
gradual actuator faults. The proposed passive fault-tolerant
technique employs the internal model principle (IMP) to
design a parameterized fixed-structure controller which compensates the system for undesirable effects of faults. Furthermore, the structure of the controller is designed such that the
tracking objective is also achieved. The controller parameters
are adjusted online based on a data-driven technique to cope
with the variation of parameters. To ensure the stability of the
closed-loop system, a data-based constraint on the controller

𝑓(𝑘)
𝑟(𝑘)
+

𝑒(𝑘)

Controller

𝑢(𝑘) +

+

𝑦(𝑘)

Plant

−

FIGURE 1. Structure of the closed-loop system.

parameters is proposed. The proposed control technique is
also extended to multi-input multi-output (MIMO) systems
using the sequential loop closing idea. Overall, the main
contribution of the paper is to design a simple yet effective
passive fault-tolerant controller for LPV systems without using the process model. The main advantages of the proposed
control technique are as follows:
• Compared to the works in [14]–[18], the controller is
directly designed utilizing the I/O data and without any
use of the process model. The proposed control scheme
does not require to identify a model of the system.
Therefore, the drawback of difficulty to derive the LPV
model for the system is alleviated. At the same time,
control performance due to modeling errors is also not
affected.
• Compared to the works in [24]–[28], a fixed controller,
which is robust against abrupt and gradual actuator
faults, is used for both the normal and faulty conditions
without using any feedback from the fault information.
Hence, the proposed control technique is simple to be
implemented and responds fast to the adverse effects of
faults.
The rest of the paper is organized as follows. The datadriven FTC design problem is described in Section II. In
Section III, the proposed data-driven fault-tolerant tracking
controller is presented in detail. In Section IV, a data-based
constraint is proposed for ensuring the frozen-time stability
of the closed-loop system. In Section V, the results of applying the proposed data-driven FTC to a direct current (DC)
servo motor and a three-tank system are presented. Finally,
Section VI concludes the paper.
II. PROBLEM STATEMENT

Consider the control design architecture shown in Figure 1,
where u(k), y(k), r(k), and f (k) denote the control input,
system output, reference input, and additive actuator fault,
respectively. The plant model is unknown SISO discrete-time
linear with a set of slowly-varying parameters. For the frozen
values of the parameters, the system’s transfer function is
P ∗ (z −1 ) =

B(z −1 )
,
A(z −1 )

(1)

where P ∗ (z −1 ) is the discrete-time transfer function of the
plant P whose parameters are frozen at their values at time
step k ∗ ; z −1 is the unit-delay operator; A(z −1 ) = 1 +
a1 (k ∗ )z −1 + . . . + am1 (k ∗ )z −m1 and B(z −1 ) = b0 (k ∗ ) +
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b1 (k ∗ )z −1 + . . . + bm2 (k ∗ )z −m2 are two polynomials in
the unit-delay operator z −1 where m1 ≥ m2 ; ai (k) and
bj (k) (i = 1, . . . , m1 and j = 0, 1, . . . , m2 ) are unknown
bounded Lipschitz parameters with sufficiently small positive
constants Lai and Lbj [29], [30], i.e.,
|ai (k2 ) − ai (k1 )| ≤ Lai |k2 − k1 |,
|bj (k2 ) − bj (k1 )| ≤ Lbj |k2 − k1 |,

(2)

+

∀k1 , k2 ∈ Z ,
where Z+ is the set of all non-negative integers. It is assumed
that the additive actuator fault f (k) affects the closed-loop
system where its Z-transformation is
F (z −1 ) =

G(z −1 )
,
∆n̂ (z −1 )

n̂ = 1, 2, . . . ,

(3)

where ∆(z −1 ) is the difference operator defined by
∆(z −1 ) , 1 − z −1 , and G(z −1 ) is a polynomial in the unitdelay operator z −1 . For examples, n̂ = 1 and G(z −1 ) = 1
stand for the abrupt step-like fault, and n̂ = 2 and G(z −1 ) =
z −1 denote the gradual ramp-like fault. The problem is to
design a data-driven controller C(z −1 ) such that y(k) tracks
r(k) even in the presence of actuator faults and slow time
variations in ai and bj .
Remark 1. A possible example for the considered problem
can be the position/velocity control of DC servo motors
as popular devices that are used in aeronautics, robotics,
automated manufacturing, and electric vehicles. DC servo
motors can be modeled as linear systems whose parameters
vary under variable load conditions or due to the change
of system parameters from their initial value (for instance,
the change of the armature resistance due to the change of
temperature) [31], [32]. Furthermore, a pre-amplifier and a
servo amplifier are used to transfer the control signal from
the controller to the DC motor. The abrupt and gradual faults
can occur in these amplifiers due to electronic-component
failures, temperature drift in components, and aging problems in components (because of operating stress, quality of
components, corrosion, temperature, and environment) [33].
III. PROPOSED DATA-DRIVEN FAULT-TOLERANT
TRACKING CONTROLLER

To solve the problem defined in the previous section, a novel
data-driven fault-tolerant tracking controller is proposed.
Motivated by [34], [35], the following parameterized fixedstructure controller is considered:
C(z −1 ) = K1

φ2 (z −1 )
φ3 (z −1 )
φ1 (z −1 )
+ K2
+ K3
, (4)
−1
−1
φ4 (z )
φ4 (z )
φ4 (z −1 )

where K1 , K2 , and K3 are the controller parameters which
should be adjusted online using a DDC technique to tackle
the variation of parameters. φ1 (z −1 ), φ2 (z −1 ), φ3 (z −1 ),
and φ4 (z −1 ) are suitable polynomials in z −1 , which should
be determined such that the tracking and fault-tolerance
objectives are achieved.
Definition 1. The closed-loop system with the LPV plant P

is denoted as Σ, and the closed-loop system with the frozentime plant P ∗ is denoted as Σ∗ . Σ is said to be frozen-time
stable if each frozen-time closed-loop system Σ∗ is stable
[36]–[38].
Theorem 1. Suppose the closed-loop system in Figure 1
is frozen-time internally stable, and B(z −1 ) does not have
zeros at z = 1. Assume further that the additive actuator fault
f (k) affects the system where F (z −1 ) is as (3), n̂ = 1, . . . , n,
and n is a user-defined parameter which is determined according to the types of faults that should be tolerated. Then,
the effects of f (k) on the tracking error e(k) = r(k) − y(k)
converges to zero if φ4 (z −1 ) = (1 − z −1 )n .
Proof. For φ4 (z −1 ) = (1 − z −1 )n , the error response to the
fault is
−P ∗ (z −1 )
F (z −1 )
E(z −1 ) =
1 + P ∗ (z −1 )C(z −1 )
−B(z −1 )(1 − z −1 )n G(z −1 )
=
φ(z −1 )
(1 − z −1 )n̂
−1
−1
−B(z )G(z )(1 − z −1 )n−n̂
=
,
φ(z −1 )
where φ(z −1 ) = A(z −1 )(1−z −1 )n +B(z −1 )(K1 φ1 (z −1 )+
K2 φ2 (z −1 )+K3 φ3 (z −1 )), and n−n̂ ≥ 0. Since Σ is frozentime internally stable, all roots of φ(z −1 ) are inside the unit
circle. Hence, the effect of f (k) on e(k) asymptotically tends
to zero.

Using Theorem 1, C(z −1 ) in (4) is rewritten as follows:
φ1 (z −1 )
φ2 (z −1 )
φ3 (z −1 )
+K
+K
.
2
3
(1 − z −1 )n
(1 − z −1 )n
(1 − z −1 )n
(5)
As can be concluded from Theorem 1, (5) is a faulttolerant fixed-order controller which is robust against faults
F (z −1 ) = G(z −1 )/(1 − z −1 )n̂ with n̂ = 1, . . . , n. The
order n of C(z −1 ) is determined according to the types of
faults that should be tolerated. Theorem 2 achieves the other
control objective for the system, i.e. output tracking.
Theorem 2. Suppose the closed-loop system in Figure 1
is frozen-time internally stable. Under the data-driven controller (5), y(k) tracks r(k) if φi (z −1 ) (i = 1, 2, 3) are
selected as follows:
C(z −1 ) = K1

φ1 (z −1 ) = 1,
φ2 (z −1 ) = ∆(z −1 ) = 1 − z −1 ,
φ3 (z

−1

2

) = ∆ (z

−1

) = (1 − z

(6)

−1 2

) .

Proof. To achieve the output tracking, φi (z −1 ) (i = 1, 2, 3)
should be determined such that the DC gain of the closedloop transfer function converges to 1. Using (6) and from
Figure 1, the DC gain of the closed-loop transfer function
T (z −1 ) is computed as follows:
P ∗ (z −1 )C(z −1 )
z→1
z→1 1 + P ∗ (z −1 )C(z −1 )
B(z −1 )(K1 + K2 ∆ + K3 ∆2 )
= lim
= 1.
z→1 A(z −1 )∆n + B(z −1 )(K1 + K2 ∆ + K3 ∆2 )

Tss = lim T (z −1 ) = lim

The proof is completed.
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In closing, it can be claimed that the following controller
achieves both the control objectives for the system:
(1 − z −1 )
(1 − z −1 )2
1
+K
+K
.
2
3
(1 − z −1 )n
(1 − z −1 )n
(1 − z −1 )n
(7)
Remark 2. For n = 1, (7) is a PID controller which is not
causal. In this case, a supplementary large-magnitude pole is
added to the third term of (7) to cope with this problem.
A data-driven technique is also proposed to attain an online
implementation of (7). Using (7) and from Figure 1, the
control law is obtained as
C(z −1 ) = K1

∆n u(k) = K1 (k)e(k)−K2 (k)∆y(k)−K3 (k)∆2 y(k). (8)
The problem is to identify proper values for K1 , K2 , and
K3 . To this end, let us rewrite (8) as follows:
0

u(k) = g(φ (k)),
0

φ (k) , [K(k), r(k), y(k), y(k − 1), y(k − 2), u(k − 1),
· · · , u(k − n)],

(9)

K(k) = [K1 (k), K2 (k), K3 (k)],
0

where g(·) is an appropriate function of φ (k). Taking the
inverse Z-transform of (1), the output equation is written as
y(k) = P (φ(k − 1)),

(10)

where P (φ(k − 1)) : <2m1 → < expresses a function whose
output is determined by the information vector φ(k − 1)
defined by
φ(k−1) , [y(k−1), · · · , y(k−m1 ), u(k−1), · · · , u(k−m1 )].
(11)
By substituting u(k) from (9) into (11) and using (10), the
system equation is derived as
y(k + 1) = h(φ̃(k)),
φ̃(k) = [y(k), · · · , y(k − max ((m1 − 1), 2)), K(k),
r(k), u(k − 1), · · · , u(k − max ((m1 − 1), n))],
where h(·) is a function of φ̃(k). Therefore, K(k) is related
to the information vector φ̄(k) as follows:

loop, and generate an initial database. The structure of the
PID controller is as follows:
!
k
TD
Ts X
[e(k) − e(k − 1)] ,
e(i) +
u(k) = Kc e(k) +
TI i=1
Ts
where Kc , Ts , TI , and TD are the proportional gain, sampling interval, integral time constant, and derivative time
constant, respectively. These parameters can be adjusted
using the well-known Ziegler-Nichols tuning methods [39].
Then, the initial parameters of the proposed data-driven faulttolerant tracking controller are calculated as
(
K1 = KTcITs , K2 = Kc , K3 = KTc Ts D , for n = 1,
(12)
Kc Ts
c Ts
K1 ≤ K
for n ≥ 2.
10TI , K2 = TI , K3 = Kc ,
The format of the dataset is defined as Φ(j) ,
[φ̄(j), K(j)], j = 1, 2, . . . , N (k), where j is an index of
the database, and N (k) is the number of information vectors
at the step k. Note that, N (0) denotes the size of the initial
database. At each time step, N̂ + 1 pairs of the latest inputoutput data are used to construct the information vector
Ψ(k) = [y(k), u(k), y(k−1), u(k−1), · · · , y(k− N̂ ), u(k−
N̂ )].
Step B) It is necessary to determine the distances between
φ̄(k) (which indicates the current system state) and φ̄(j) (j 6=
k) stored in the database. To this end, the mentioned distance
is calculated as follows:
rd
X
φ̄i (k) − φ̄i (j)

 ,
D(φ̄(k), φ̄(j)) =
max
φ̄
(m) − minm φ̄i (m)
(13)
m
i
i=1
j = 1, . . . , N (k),
where rd = max ((m1 − 1), 2) + max ((m1 − 1), n) + 3;
φ̄i (k) and φ̄i (j) denote the ith element of the vector φ̄(k)
and the ith element
vector, respectively;
 of the jth information

maxm φ̄i (m) and minm φ̄i (m) are the maximum and
minimum elements among the ith element of all vectors
stored in the database (φ̄(m), m = 1, . . . , N (k)), respectively. Then, p-pieces datasets with the smallest distances are
selected as the neighbor datasets.
Step C) The controller parameters are computed using the
p-neighbors selected in Step B as follows:

K(k) = h̄(φ̄(k)),
φ̄(k) , [y(k + 1), y(k), · · · , y(k − max ((m1 − 1), 2)),
r(k), u(k − 1), · · · , u(k − max ((m1 − 1), n))].
Since y(k + 1) should tend to r(k + 1), φ̄(k) can be
considered as φ̄(k) = [r(k + 1), r(k), y(k), · · · , y(k −
max ((m1 − 1), 2)), u(k−1), · · · , u(k−max ((m1 − 1), n))].
Now, it is possible to adjust the parameters of the controller
in an online manner. Motivated by the developments in [23],
K1 , K2 , and K3 for each time step can be determined by
utilizing the I/O database. The procedure is performed in the
following five steps.
Step A) A simple PID controller is designed to obtain an
initial set of the controller parameters, close the feedback

K̂(k) =

p
X
i=1

1

wi K(i), wi = PpDi

1
i=1 Di

,

(14)

where K̂(k) is the computed parameters and wi (i =
1, . . . , p) are weights corresponding to the information vectors selected in Step B. Now, using the stability constraint
(19) proposed in Section IV, it should be determined whether
or not the controller (7) with K̂(k) stabilizes the frozen-time
closed-loop system Σ∗ . If (19) holds for K̂(k) computed by
(14), u(k) is computed and applied to the system; and then,
y(k + 1) is measured. Otherwise, K̂(k) is selected among the
control parameters stored in the database and is considered
as one that fulfills (19) and minimizes (13); and then, u(k) is
computed and applied to the system.

4
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Step D) To enhance the tracking performance, the control
parameters computed in Step C must be updated. Then,
the updated parameters are stored in the database. These
parameters should be adjusted such that the tracking error
is decreased. This aim can be achieved using the following
steepest descent strategy:
K(k) = K̂(k) − η

1
∂J(k + 1)
, J(k + 1) , ε(k + 1)2 , (15)
∂K(k)
2

where η = diag{η1 , η2 , η3 } is the learning rate; J(k) is
the error criterion; and ε(k) = yr (k) − y(k) is the tracking
error between the system output and the following reference
model:
z −1 T (1)
r(k).
(16)
yr (k) =
T (z −1 )
To select T (z −1 ), it is possible to use the desired rise-time
(σ) and the desired damping coefficient (µ) as follows [23]:
T (z −1 ) = 1 + t1 z −1 + t2 z −2 ,
√
2µ − 1
ρ
ρ
ρ), t2 = exp(− ),
t1 = −2 exp(− ) cos(
2µ
2µ
µ
Ts
ρ = , µ = 0.25(1 − δ) + 0.51δ.
σ
µ is adjusted by changing δ, which can be δ = 0 or δ = 1
representing the step response of the reference model per
the Binominal model response and the Butterworth model
response, respectively [23]. The elements of the Jacobian
∂J(k + 1)/∂K(k) are written as
∂J(k + 1)
∂J(k + 1) ∂ε(k + 1) ∂y(k + 1) ∂u(k)
=
∂K1 (k)
∂ε(k + 1) ∂y(k + 1) ∂u(k) ∂K1 (k)
∂y(k + 1)
= −ε(k + 1)e(k)
,
∂u(k)
∂J(k + 1)
∂J(k + 1) ∂ε(k + 1) ∂y(k + 1) ∂u(k)
=
∂K2 (k)
∂ε(k + 1) ∂y(k + 1) ∂u(k) ∂K2 (k)
(17)
∂y(k + 1)
= ε(k + 1) (y(k) − y(k − 1))
,
∂u(k)
∂J(k + 1)
∂J(k + 1) ∂ε(k + 1) ∂y(k + 1) ∂u(k)
=
∂K3 (k)
∂ε(k + 1) ∂y(k + 1) ∂u(k) ∂K3 (k)
∂y(k + 1)
= ε(k + 1) (y(k) − 2y(k − 1) + y(k − 2))
.
∂u(k)

where α1 and α2 are small user-defined coefficients that
should be set between 0.1 and 1.

IV. FROZEN-TIME STABILITY CONSTRAINT

To ensure the stability of the closed-loop system, the constraint (2) is imposed on the system parameters to confirm
the slow variation of them, and the controller parameters are
selected such that the closed-loop system with the LPV plant
is frozen-time stable. In this section, a data-based constraint
on the controller parameters is proposed to ensure the frozentime stability of the closed-loop system. At each time step k,
given the data Ψ(k) = [y(k), u(k), · · · , y(k − N̂ ), u(k − N̂ )]
which are demonstrative of the current plant behavior, the
task is to determine whether or not (7) with K̂(k) stabilizes
Σ∗ . The frozen-time stability constraint is considered as a
bound on a cost function as follows:
max
k̂∈[k−N̂ ,k]

kε̂k2k̂
kr̂k2k̂

≤ γ,

(19)

where 0 < γ < 1 is defined by the user; r̂(k) is a fictitious
desired signal which would have exactly reproduced the data
Ψ(k) if (7) with K̂(k) had been in the loop and is obtained
as follows; and
z −1 T (1)
r̂(t) − y(t),
T (z −1 )
r̂(t) = C −1 (z −1 )u(t) + y(t), t ∈ [k − N̂ , k],
q
q
kε̂kk̂ = Σk̂k−N̂ ε̂2 (t), kr̂kk̂ = Σk̂k−N̂ r̂2 (t).
ε̂(t) = ŷr (t) − y(t) =

The design procedure of the proposed data-driven faulttolerant tracking controller is summarized below.
Algorithm 1.
• Step 1) A PID controller is firstly designed using the
Ziegler-Nichols tuning methods [39] to generate an
initial set of controller parameters using (12).
• Step 2) Select the order of the controller (7) according
to the types of faults that should be tolerated. Generate
the control law (8).
• Step 3) Calculate the distances between φ̄(k) and φ̄(j)
(j 6= k) using (13); then, p-neighbors data are selected.
• Step 4) Stabilizing controller parameters K̂(k) are computed using Step C and the stability constraint (19);
The system Jacobian is defined as ∂y(k + 1)/∂u(k) =
then, they are applied to the system.
|∂y(k + 1)/∂u(k)| sign(∂y(k + 1)/∂u(k)) where sign(x) is
• Step 5) The fictitious reference signal and the correction
the signum function, i.e., sign(x) = 1 for x > 0, while
term ∂J(k + 1)/∂K(k) are calculated using (16) and
sign(x) = −1 for x < 0. In this paper, it is supposed
(17), respectively. Then, the controller parameters are
that the sign of the system Jacobian is known. Moreover,
modified using (15), and the database is learned using
|∂y(k + 1)/∂u(k)| is included in η.
the modified parameters K(k).
Step E) This step is taken to avoid excessive stored data.
• Step 6) Redundant data are removed using (18).
Toward this end, except for the p-neighbors selected in Step
• Step 7) Repeat Steps 3-6 at each time step k.
B, the vectors satisfying both of the following conditions are
deleted from the database.
Figure 2 shows the structure of the closed-loop system us
ing
the proposed data-driven fault-tolerant tracking control.
D(φ(k), φ(j)) ≤ α1 ,


Remark
3. The proposed method can be extended to de2
j = 1, 2, . . . , N (k) − p (18)
P
 3i=1 Ki (j)−Ki (k) ≤ α2 ,
sign
data-driven
fault-tolerant tracking controls for MIMO
Ki (k)
5
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FIGURE 3. Obtained results for the angular velocity of the DC motor.

𝐊(𝑘)
𝑟(𝑘)

+

×
−

𝑒(𝑘)

Fault-tolerant
tracking
controller

𝑢(𝑘) +
×
+

System

𝑦(𝑘)

𝑓(𝑘)

input and represents the armature voltage. The parameters of
the system are B = 0.1 N·m/(rad/s), J = 0.055 kg·m2 ,
Kt = 55 N·m/A, Ke = 0.022 V·s/rad, and La = 0.033
H. Ra (t) is the armature resistance, and it is assumed that its
value changes slowly due to the change of temperature as
Ra (t) = 6 Ω,

FIGURE 2. Structure of the closed-loop system using the proposed
data-driven fault-tolerant tracking control.

systems. The only further steps which must be taken are
pairing the input and output variables and designing a multiloop PID controller. The pairing mode can be determined
via the relative gain array (RGA) method or the singular
value analysis (SVA) [40]. Then, it is possible to design a
multi-loop PID controller for the MIMO process using the
sequential loop closing idea and the relay auto-tuning method
[41]–[43]. The tuned PID parameters are used to generate
initial databases, and the data-driven fault-tolerant tracking
controllers are independently designed for the SISO loops
using Algorithm 1. The main idea of the sequential loop
closing with a relay auto-tuning method is to control the
MIMO system loop by loop. For instance, for a process with
two inputs and two outputs, a SISO controller is tuned for
the first loop using a relay tuner, while the other loop is
on manual. Then, the first loop is closed and another SISO
controller is designed for the second loop by placing another
relay tuner on it. This procedure is repeated until converging
of the controller parameters is achieved.

0 ≤ t < 2,

Ra (t) = 6 + 1.5(t − 2) Ω,

2 ≤ t < 5.

By using the Euler approximation [44] with the sampling
time Ts = 0.001 s, the discrete-time equivalent of the system
is obtained as follows:
θ(k + 1) = θ(k) + Ts ω(k),
Kt
B
ia (k)),
ω(k + 1) = ω(k) + Ts (− ω(k) +
J
J
Ke
Ra (t)
1
ia (k + 1) = ia (k) + Ts (− ω(k) −
ia (k) +
Va (k)),
La
La
La
y(k) = ω(k).

The control problem is to adjust Va (k) such that ω(k)
tracks a desired trajectory and the step/ramp-type faults
(which represent electronic-component failures, temperature
drift in components, and aging problems in components)
in the actuator (a pre-amplifier and a servo amplifier) are
tolerated. According to the types of faults, the order of the
controller (7) is considered as n = 2; and T (z −1 ) = 1 −
1.621z −1 + 0.6702z −2 . The other user-specified parameters
are selected as m1 = 3, p = 6, η1 = η2 = η3 = 0.01,
α1 = 0.2, α2 = 0.2, N (0) = 50, and N̂ = 50. The
initial controller parameters are considered as K1 = 0.001,
K2 = 0.01, and K3 = 2. A ramp-type fault with slope m = 1
is examined at the actuator at t = 2.5 s.
V. SIMULATION RESULTS
Towards evaluating the effect of the actuator faults and
A. DC SERVO MOTOR CONTROL SYSTEM
demonstrating the performance of the proposed data-driven
The state-space model of a DC servo motor is as follows [32]:
fault-tolerant control technique, another simulation study is
 


 

done to control the angular velocity of the considered DC
0
1
0
0
θ(t)
θ̇(t)
Kt
 ω̇(t)  =  0 −B





0
ω(t) +
Va (t), motor by applying the data-driven PID controller proposed
J
J
1
−Ra (t)
−Ke
for systems with time-variant parameters or/and nonlinear
i
(t)
0 La
i̇a (t)
a
La
La

properties in [23]. The initial parameters of the data-driven

 θ(t)
PID controller are considered as KP = 2, KI = 0.01, KD =
y(t) = 0 1 0  ω(t)  ,
0. The angular velocity based on both literature [23] and
ia (t)
the control scheme of this paper is depicted in Figure 3.
where θ(t) is the angular position; ω(t) is the angular veThe proposed controller tolerates the occurred fault and
locity; ia (t) is the armature current; Va (t) is the control
contributes towards getting the motor speed to successfully
6
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TABLE 1. Initial controller parameters.

Loop 1 (y1 ↔ q1 ) : K11 = 0.003, K12 = 0.112, K13 = 2.54.
Loop 2 (y2 ↔ q2 ) : K21 = 0.003, K22 = 0.111, K23 = 2.65.

FIGURE 4. Schematic diagram of an experimental three-tank process.

track its set goal trajectory. For the data-driven PID controller
proposed in [23], however, the angular velocity diverges from
the desired-set value during fault occurrence.
B. THREE-TANK CONTROL SYSTEM

The schematic diagram of a three-tank process is presented
in Figure 4. The model of the system is as follows [45]:
Aḣ1 (t) = q1 (t) − q13 (t),
Aḣ2 (t) = q2 (t) + q32 (t) − q20 (t),

(20)

Aḣ3 (t) = q13 (t) − q32 (t),
y1 (t) = h1 (t),

y2 (t) = h2 (t),

where hi (t) (i = 1, 2, 3) in m is the liquid level in
the ith tank at time t; q1 (t) and q2 (t) are input flow
rates in m3 /sec; qij (t) (i, j ∈ {1, 2, 3}) represents the
rate of liquid flow from the ith tank into the jth tank
in m3 /sec; and A = 0.0149 m2 denotes the crosssectional area of any of the identical tanks. Using the generalized Torricelli’s rule, the
p flow-rate equations are obtained
as
q
(t)
=
a
S
2g(h1 (t) − h3 (t)), p
q32 (t) =
13
1
p
a3 S 2g(h3 (t) − h2 (t)), and q20 (t) = a2 S 2gh2 (t);
where g = 9.81 m/sec2 is the acceleration of gravity;
a1 = 0.418, a2 = 0.789, and a3 = 0.435 are outflow
coefficients; S = 5 × 10−5 m2 is the cross-sectional area
of connection pipes. The linearized dynamic equations of the
system are as follows:
Ah̄˙ 1 (t) = q̄1 (t) − C13 h̄1 (t) + C13 h̄3 (t),
Ah̄˙ 2 (t) = q̄2 (t) + C32 h̄3 (t) − C32 h̄2 (t) − C20 h̄2 (t),
Ah̄˙ (t) = C h̄ (t) − C h̄ (t) − C h̄ (t) + C h̄ (t),
3

13 1

13 3

q

32 3

32 2

where Cij
= ai S g/(2(ĥi − ĥj )) with C20
=
q
a2 S g/(2ĥ2 ), h̄i (t) = hi (t) − ĥi (i = 1, 2, 3), and ĥi is
the level of the ith tank at the operating point. Moreover,
q̄i (t) = qi (t) − q̂i (i = 1, 2); q̂1 and q̂2 denote the supplying flow rates at the operating point. The parameters Cij

can be considered as slowly-varying unknown parameters.
Therefore, the three-tank process can be treated as a linear
system with slowly-varying unknown parameters. Using the
Euler approximation with the sampling time Ts = 0.1 s, the
discrete-time equivalent of (20) is given by:
p
Ts
h1 (k + 1) = h1 (k) + (q1 (k) − a1 S 2g(h1 (k) − h3 (k))),
A
p
Ts
h2 (k + 1) = h2 (k) + (q2 (k) + a3 S 2g(h3 (k) − h2 (k))
A
p
− a2 S 2gh2 (k)),
p
Ts
h3 (k + 1) = h3 (k) + (a1 S 2g(h1 (k) − h3 (k))
pA
− a3 S 2g(h3 (k) − h2 (k))),
y1 (k) = h1 (k),

y2 (k) = h2 (k).

The control problem is to manipulate q1 (k) and q2 (k) such
that the levels of the first two tanks are set to their desired
trajectories and the step/ramp-type faults in pumps (which
can be DC motors, for instance, and the step/ramp-type faults
can occur in them due to electronic-component failures,
temperature drift in components, and aging problems) are
tolerated. It is assumed that q1 (k) and q2 (k) are limited to
100 cm3 /s. The system equations (20) have four state regions
in which they are differentiable. In this paper, the region
h1 (k) > h3 (k) > h2 (k) is considered. The reference signals
are considered as
(
r1 (t) = 0.15 (m), r2 (t) = 0.05 (m), 0 ≤ t < 50,
r1 (t) = 0.17 (m), r2 (t) = 0.07 (m), 50 ≤ t < 110.
The three-tank process is a MIMO system. Therefore, the
first step is to pair the input and output variables. The pairing
mode is considered as (y1 ↔ q1 ) and (y2 ↔ q2 ) [46].
Hence, two independent data-driven fault-tolerant tracking
controllers of form (8) with n = 2 are designed. Table
1 represents the initial controller parameters. According to
the proposed method, these parameters are used to generate
two initial databases. The polynomial T (z −1 ) is considered
as T (z −1 ) = 1 − 1.621z −1 + 0.6702z −2 . Note that this
polynomial is obtained by setting σ = 1 s and δ = 0. Other
user-specified parameters are selected as m1 = 3, p = 6,
η1 = η2 = 1, η3 = 10, α1 = 0.5, α2 = 0.1, N (0) = 8,
and N̂ = 50. A fault of ramp-type with slope m = 0.005 at
t = 30 s and a step-type fault with magnitude m = 0.006 at
t = 80 s are considered in the first actuator and the second
actuator, respectively. The obtained closed-loop responses for
the liquid levels are shown in Figure 5. The corresponding
trajectories of the controller parameters are depicted in Figure 6. From Figure 5, it can be observed that by changing
the operating points at t = 50 s and thereby changing the
values of unknown parameters Cij , the proposed data-driven
7
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FIGURE 7. Responses of the closed-loop system with the data-driven PID
controller.

MIMO processes and has been evaluated via simulations on
the three-tank process and a DC servo motor system. The
obtained simulation results demonstrate the effectiveness of
the control technique. For future work, we plan to investigate and design data-driven passive fault-tolerant tracking
control schemes against other types of actuator faults or
sensor/component failures.
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FIGURE 5. Responses of the closed-loop system with the proposed
data-driven fault-tolerant tracking controller.
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control scheme works well and the outputs of subsystems
track their desired values. Moreover, the proposed control is
robust against the step/ramp-type faults.
To evaluate the effects of the considered actuator faults and
demonstrate the effectiveness of the proposed data-driven
fault-tolerant controller, another simulation is performed in
which the data-driven PID controller [23] is applied to the
three-tank system. The initial controller parameters are considered as KP1 = 2.54, KI1 = 0.112, KD1 = 0.003,
KP2 = 2.65, KI2 = 0.111, and KD2 = 0.003; and the other
parameters are the same as the first simulation. The obtained
results for the liquid levels are shown in Figure 7. It can be
observed that the liquid level in the first tank diverges from
its desired trajectory during the fault occurrence.
VI. CONCLUSION

In this study, a data-driven passive fault-tolerant tracking
controller has been proposed for linear systems with slowlyvarying unknown parameters. An algorithm for designing a
parameterized fixed-structure controller, which achieves the
tracking objective and is robust against actuator faults and
parameter variation, has been developed. The proposed algorithm is flexible in dealing with abrupt and gradual faults such
as step and ramp-type faults. The controller parameters are
adequately updated based on the I/O data via a data-driven
technique. The proposed method has also been extended to

[1] J. S. Shamma, “Analysis and design of gain scheduled control systems,”
Ph.D. dissertation, Massachusetts Institute of Technology, 1988.
[2] J. Tan, S. Olaru, M. Roman, F. Xu, and B. Liang, “Invariant set-based
analysis of minimal detectable fault for discrete-time LPV systems with
bounded uncertainties,” IEEE Access, vol. 7, pp. 152 564–152 575, 2019.
[3] W. Zhang, M. Xia, and J. Zhu, “LPV modeling and identification of
unsteady aerodynamics for fast maneuvering aircrafts,” IEEE Access,
vol. 7, pp. 92 436–92 443, 2019.
[4] X. Liu, T. Zhang, and X. Liu, “Robust identification method for LPV ARX
systems and its application to a mechanical unit,” IEEE Access, vol. 7, pp.
164 418–164 428, 2019.
[5] B. Ding, J. Hu, X. Tang, and J. Wang, “A synthesis approach to output
feedback MPC for LPV model with bounded disturbance,” IEEE Access,
vol. 8, pp. 228 337–228 348, 2020.
[6] J. Jiang and X. Yu, “Fault-tolerant control systems: A comparative study
between active and passive approaches,” Annual Reviews in Control,
vol. 36, no. 1, pp. 60–72, 2012.
[7] X. Yu and J. Jiang, “A survey of fault-tolerant controllers based on safetyrelated issues,” Annual Reviews in Control, vol. 39, pp. 46–57, 2015.
[8] F. Kiasi, J. Prakash, and S. Shah, “Detection and diagnosis of incipient
faults in sensors of an LTI system using a modified GLR-based approach,”
Journal of Process Control, vol. 33, pp. 77–89, 2015.
[9] F. Kiasi, J. Prakash, S. Patwardhan, and S. Shah, “A unified framework for
fault detection and isolation of sensor and actuator biases in linear time
invariant systems using marginalized likelihood ratio test with uniform
priors,” Journal of Process Control, vol. 23, no. 9, pp. 1350–1361, 2013.
[10] Y. Zhang and J. Jiang, “Bibliographical review on reconfigurable faulttolerant control systems,” Annual Reviews in Control, vol. 32, no. 2, pp.
229–252, 2008.
[11] Z. Karimi, Y. Batmani, and M. J. Khosrowjerdi, “Multiobjective faulttolerant fixed-order/PID control of multivariable discrete-time linear systems with unmeasured disturbances,” Optimal Control Applications and
Methods, vol. 39, no. 5, pp. 1648–1662, 2018.
[12] I. Zografopoulos and C. Konstantinou, “Detection of malicious attacks
in autonomous cyber-physical inverter-based microgrids,” IEEE Transactions on Industrial Informatics, 2021.
[13] M. Mirshams, M. Khosrojerdi, and M. Hasani, “Passive fault-tolerant
sliding mode attitude control for flexible spacecraft with faulty thrusters,”
Proceedings of the Institution of Mechanical Engineers, Part G: Journal
of Aerospace Engineering, vol. 228, no. 12, pp. 2343–2357, 2014.
[14] A. H. Hassanabadi, M. Shafiee, and V. Puig, “Actuator fault diagnosis of
singular delayed LPV systems with inexact measured parameters via PI

8

VOLUME 4, 2016

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/

This article has been accepted for publication in IEEE Access. This is the author's version which has not been fully edited and
content may change prior to final publication. Citation information: DOI 10.1109/ACCESS.2022.3184690

Karimi et al.: Data-Driven Fault-Tolerant Tracking Control for Linear Parameter-Varying Systems

[15]

[16]

[17]

[18]

[19]
[20]

[21]

[22]

[23]

[24]
[25]

[26]

[27]

[28]

[29]

[30]
[31]

[32]

[33]

[34]

[35]

[36]

[37]
[38]

unknown input observer,” IET Control Theory & Applications, vol. 11,
no. 12, pp. 1894–1903, 2017.
A. H. Hassanabadi, M. Shafiee, and V. Puig, “UIO design for singular
delayed LPV systems with application to actuator fault detection and
isolation,” International Journal of Systems Science, vol. 47, no. 1, pp.
107–121, 2016.
M. Rodrigues, H. Hamdi, N. B. Braiek, and D. Theilliol, “Observer-based
fault tolerant control design for a class of LPV descriptor systems,” Journal
of the Franklin Institute, vol. 351, no. 6, pp. 3104–3125, 2014.
L. de Paula Carvalho, J. M. Palma, T. E. Rosa, B. Jayawardhana, and
O. L. do Valle Costa, “Gain-scheduled fault detection filter for discretetime LPV systems,” IEEE Access, vol. 9, pp. 143 349–143 365, 2021.
L. Song and J. Yang, “Robust reliable tracking controller design against
actuator faults for LPV systems,” Asian Journal of Control, vol. 13, no. 6,
pp. 1075–1081, 2011.
S. Formentin, D. Piga, R. Tóth, and S. M. Savaresi, “Direct learning of
LPV controllers from data,” Automatica, vol. 65, pp. 98–110, 2016.
S. Formentin, D. Piga, R. Tóth, and S. M. Savaresi, “Nonparametric LPV
data-driven control,” IFAC-PapersOnLine, vol. 48, no. 26, pp. 146–151,
2015.
M. Ali and R. Samar, “Data driven fixed structure linear parameter varying
controller design,” 2015 34th Chinese Control Conference (CCC), pp.
211–216, 2015.
S. Formentin, D. Piga, R. Tóth, and S. M. Savaresi, “Direct data-driven
control of linear parameter-varying systems,” 52nd IEEE Conference on
Decision and Control, pp. 4110–4115, 2013.
T. Yamamoto, K. Takao, and T. Yamada, “Design of a data-driven PID
controller,” IEEE Transactions on Control Systems Technology, vol. 17,
no. 1, pp. 29–39, 2008.
S. X. Ding, Data-driven design of fault diagnosis and fault-tolerant control
systems. Springer, 2014.
J. S. Wang and G. H. Yang, “Data-driven output-feedback fault-tolerant
compensation control for digital PID control systems with unknown dynamics,” IEEE Transactions on Industrial Electronics, vol. 63, no. 11, pp.
7029–7039, 2016.
J. S. Wang and G. H. Yang, “Data-driven output-feedback fault-tolerant
tracking control method and its application to a DC servo system,”
IEEE/ASME Transactions on Mechatronics, vol. 24, no. 3, pp. 1186–1196,
2019.
J. S. Wang and G. H. Yang, “Data-driven methods for stealthy attacks on
TCP/IP-based networked control systems equipped with attack detectors,”
IEEE Transactions on Cybernetics, vol. 49, no. 8, pp. 3020–3031, 2018.
J. S. Wang and G. H. Yang, “Data-driven output-feedback fault-tolerant
control for unknown dynamic systems with faults changing system dynamics,” Journal of Process Control, vol. 43, pp. 10–23, 2016.
J. S. Shamma and M. Athans, “Analysis of gain scheduled control for
linear parameter-varying plants,” Laboratory for Information and Decision
Systems, Massachusetts Institute of Technology, 1988.
C. Desoer, “Slowly varying system ẋ = A(t)x,” IEEE Transactions on
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