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ABSTRACT This study presents a new approach for active fault-tolerant controller (FTC) design for
constrained nonlinear multi-variable systems. The proposed approach utilize the nonlinear model predictive
controller (NMPC) and fault estimation method which is on basis of extended kalman filters (EKFs). The
deficiency of actuators and sensors and also the plant states measurement errors are estimated by the
suggested approach. A supervisor unit using the fault information and fault modeling per sampling time,
corrects the predictor model of the controller and compensates actuator and sensor faults in control system.
Furthermore, by the presented feedback compensation, the robustness of the designed method against plant
faults and uncertainties is ensured. The important advantages of the proposed method are: (1) The suggested
FTC scheme based on NMPC leads to calculate more accurate control action than MPC in nonlinear
processes, (2) it is comprehensive in fault accommodation point of view because it is able to compensate all
types of faults in control systems simultaneously, (3) it has low computational cost because of using NMPC
by analytical solution, (4) it can handle control and states constraints to prevent of actuator saturations and
unsafe situations, (5) the simplicity and effectiveness of the designed FTC scheme for real applications is
more significant. Simulation results on continuous stirred tank reactor process verifies the superiority and
capability of the designed approach.

INDEX TERMS Fault-tolerant controller, fault modeling, uncertainty, predictive control method, robustness.

I. INTRODUCTION

In recent decades, many efforts has been made to design FTC
systems to guarantee the desirable performance for the pro-
cess in the presence of components malfunction and dynamic
perturbations. A FTC system is designed to automatically
compensate the system faults and, to ensure the stability and
satisfactory level of overall performance in both fault free and
faulty condition [1]-[3]. The design techniques of FTC sys-
tems can be classified in two cases: passive approach (PFTC)
and active approach (AFTC). In the first PFTC case,
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the controller is constant and system can accommodate only a
confined number of known faults. On the other hand, AFTC
can accommodate faults by restructuring or reconfiguration
the controller structure using the fault information [4]-[6].

The MPC scheme has been known as a mature practical
control technique for constrained multi-variable control sys-
tem design problem. In this control scheme, the optimiza-
tion techniques and plant model are used to generate the
suitable control signals based on the predicted information
of plant state changes. At each sampling time, by solving a
constrained problem the optimal input sequence is computed.
Then, considering the prediction horizon, the suitable item of
generated sequence is employed [7]-[9].
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The main advantage of MPC in process control problem
can be mentioned as its well ability to handle the complicated
control and states constraints [10]-[13]. The idea of FTC
design using MPC was first presented in [14], and applied
on a simulated air craft system in [15]. These studies have
been shown that MPC results in most desirable implementa-
tion structure for FTC. The FTC based MPC system design
methods are similarly categorized in two cases: passive and
active types. In passive cases [16], the faults that are known,
are compensated by coping the extra constraints in MPC
design. On the other hand, in active approaches, MPC can
be reconfigured by using the received fault information [17].
These schemes can be categorized in two types: multiple
MPCs methods such as [18], [19] that in majority are based
on fuzzy models, and adaptive methods such as [20], [21].
In adaptive methods, faults can be compensated by correction
the internal model [20], [22], or by correction the constraints
in MPC problem [23], [24], or fault correction in measured
outputs [25].

Most of the above reviewed papers, consider a linear model
of the system and design the controller based on it. While,
in practice we encounter with nonlinear processes and the
use of their linear model in the design of the controller,
is not efficient. To achieve higher performance, in this paper,
the nonlinear system model is used in the design of the
controller. Also, in fault accommodation point of view, most
of the reviewed methods are not comprehensive and often
consider only one type of actuator or sensor fault.

The main core of this paper is based on [20], that presents
an active FTC for compensation of all types of fault in lin-
ear systems; in this study, a similar architecture is used for
nonlinear systems. In this paper, an AFTC scheme based on
combination the nonlinear MPC (NMPC) with fault estima-
tion is presented to accommodate actuator and sensor faults
of affine nonlinear systems with some constraints on control
and states. The architecture of the designed FTC approach
is depicted in Fig. 1, where controller consist of NMPC,
fault/state estimator and supervisor unit. The fault/state esti-
mator is based on the EKFs that estimates both the loss
of effectiveness of actuators and sensors ()?a, )?S) and the
states of plant x («). The fault information provided by fault
estimator is then used in supervisor that modifies the internal
model in NMPC. Thus, the proposed controller can compen-
sate actuator and sensor faults. Also by feedback compensa-
tion (FC) in NMPC, the proposed controller is robust against
plant faults and uncertainties.

In Comparison with existing works, the main features of
proposed method are:

o Unlike to the previous studies, It is a nonlinear FTC
based on predictive control scheme.

« Actuator, sensor and plant faults as well as constraints
can be compensated simultaneously in the suggested
FTC approach.

o The proposed approach has low computational cost,
because of using NMPC with analytical solution
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FIGURE 1. Block diagram of the proposed FTC scheme.

and dealing with actuator and sensor faults by
correction of internal model instead of changing
constraints.

o An fault estimator is explicitly designed to provide fault
information for NMPC.

o Simplicity and superiority of the designed FTC in
practical cases is significant.

The following, Section II, illustrates the general NMPC
formulation. Section III, explains the proposed FTC based
on NMPC. Section IV, illustrates the simulations and,
conclusions are given in Section V.

Il. NONLINEAR MODEL PREDICTIVE CONTROL

The reason of MPC popularity in industrial process is mostly
due to its basic effectiveness in handling the constraints on
inputs and states, and process with complex dynamics such
as multi-variable, nonlinear, time delayed and so on. In MPC
at each sample time, the future plant outputs on the prediction
horizon, Np, are predicted based on available information
and the optimal future input trajectory is proposed using
the process model. These inputs are computed by solving a
constrained optimization problem which yields an optimal
input trajectory. Then only the first element of this trajectory
is injected to the system and the other elements are removed.
In the next sample instant by using the updated measure-
ments, the all calculation is repeated. This policy is called
the receding horizon control principle (RHC) [26]. MPC has
been widely used for control of industrial processes, but
for highly nonlinear process is mostly inefficient. To tackle
this problem, NMPC has received a lot of attention over the
last decade [27], [28]. Although the various characteristic of
NMPC have been studied in literature, however its computa-
tional complexity is neglected in most cases. In general, for
design the NMPC systems, the numerical techniques such as
deep learning and sequential quadratic programming (SQP)
have been suggested [29]. The complexity of NMPC by these
methods is much heavy than can be implemented in practice.
This paper uses a NMPC with little computational load and
analytical solution which is recently presented in [30]. Its
formulation is corrected to compensate disturbance and to be
robust against uncertainties.
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A. THE NMPC FORMULATION

Consider the affine model of time-invariant discrete system

as:

X+ =Fx@)+gxw)ulk)+ga(x (k) d (k)

(1)

y) = Cx (k) 2)

where, x (k) € X € R, u(k) € U C R™ and y (k) are

the state vector, input and output respectively. Also d (k)

is the known disturbance and f, g and g; denote nonlinear

functions. The one-step prediction of states could be obtained
directly as

X (e + 1K) = f (x () + 8 (x (k) .u (k) +8a (x (k) d ()

3
Xk +d) =f(X c+1— 1K)
(X 40— 100)) (e 40— 1)
+8a (X (o= 1)) d (e 4+ — 1]x)
t=2,3,...,Np 4)

Since ¥ (k + ¢ — 1|k) is related to the previous data, then
the equation (4) cannot be solved for one more prediction
horizon. So, by the use of reference system, for ¢ > 2, we can
write:

R G+ 1) = £ (wy (6 + 0= 116)
—l—g(wx (k +1t— 1|/<)) e +1v—1lk)
+ g4 (WX (kK 4+t — 1|K))d(l<+t —1lx) (5)

where,

Wy (k +tlk) = awy (k + 1t — 1]k)
+Ad—-a)xp; ¢t=1,2,...,Np—1 (6)

where, a € [0, 1) is the soften factor, xg, is the desired plant
states and we can write w, (k|k) = x (k). A stair-like control
method is employed to reduce the computational burden of
nonlinear optimization problem. Define, Au (k) = u (k) —
u(k — 1) := A, then, Au (k + ) is expressed as bellow:

Au(k +1) = BAu(k +1—1)

= B'Au(k) = B'A; 1=1,2,...,Np—1 (7)

where, B is positive number. Then, only the com-
putation of Au(x) is required, instead of computing
[Au (k) Au(x 4+ 1]|k) ... Au(k + Np — 1]|k)] which has Np
elements. Thus, the computation load in NMPC become
independent to the prediction horizon. This property make
it possible to use long Np to achieve a better performance. By
attention to (7) and
—1
u(K—i—t—1|K)=u(K—1)+ZAu(K+i|K) 8)
i=0

The equation (6) can be expressed as

X (k + 1K)
=f (wy (k +1— 1]K))
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—1
+g (Wy e + 10— 1|K)).<u(lc - 1)+Z,8‘A>

i=0
+ g4 (WX (k41— 1|K))d(/<+t— 1x)
=f(wX (k41— 1|/<))
+g(wx (kK +1— 1|K)) ik —1)
+ g4 (WX (K+L—1|K))d(/c+t— 1K)
—1

+g(wX (k41— IIK)).ZﬂiA

=0
=" (k + i)
—1
g (wy (c+1—110)). Y BA 9)
i=0

where 3! (k + t|) is defined as

R+ i) = f (wy (k + 10— 1]x))
+g(wx (kK +1— 1|K)) ik —1)
+ g4 (Wy (k+1—1lk)) d (k+1 — L&) (10)

It should be noted that the information about future
of disturbance mainly is unknown, and only in instant
k and before, it is known. By zero order extrapolation,
d (k + ¢ — 1|k) is approximated by d (x — 1). Furthermore,
the term ' (k + t|«) in (9), includes only the available data
at instant «, while the next term includes the increment of
future input. Then the unavailable data are divided linearly
by (9), to find a analytic solution. By writing the predictions

in the matrix form fort =1, 2, ..., Np,, we have
[ X e+ 1K) X1 (e 4 11
A X (c +2lic) X' (e +2lk)
XK = . 5 = .
| X (k + Npl«) X! (k + Nplk)
i wy (kK + 1K)
wy (kK + 2[«)
Wy = :
| wy (k + Nplk)
B Au (k) A
Au (k + 1|k) BA
AUK - . =

| Au(x + Np — k)
so =g (wy (k +1—1[x)),

51 0 0
52 52 0
Se =
L Sp Sp Sp
- 5
s2 (1+B) _
S . AU, = . A=S.,.A (11)

| sp(L+ B +-.-~+ﬁNP_1)
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where, w(y) is the reference trajectory of output. The states
and outputs predictions can be expressed as

Xe =X! 4+ 8. AU =X! +5,.A (12)
Pe=CXe=C (XKI +S‘K.A) (13)

With objective function

~

N T
Je=(Fe =) @ (Fe = W) + AUTRAU, (14)

where, O and R are weight matrices, by % = 0and 3215 >0,
for single and unconstrained input, Au («) is obtained as
Au (k)
STCTQ (W — Cx/))
- SKTCTQCSK + 0.5R (1 +B24 ...+ ﬂZ(prl))

15)

To satisfy the constraints, the lagrange method can be used.
It is supposed that every constraint on control or states can be
rewritten as aiT Au (k) <bj;i=1,2,...,p,soall constraints
can be expressed as bellow matrix form

AAu(k) <B (16)
T
where, B = [b1b2 . ..bq]T,A = [alTazT .. .a;] . By choose
the lagrange function as
L) = Je + 4T (a,.TAu(K) —bl->; i=1,2,....p
A7)
and %ML(K) =0and g—fi = 0, then
Au (k)
STCTQ (Wy — X} —0.51Tal
~ STCTQCS, +0.5R (14 2+ ... + p2Ne=D)
,. [aiTSKT c’o(Ww —cx/)

STcTocs ;
b <+K0.5R (1 J:ﬁZ + o+ pRANPD) )] /0.5a; ai
(19)

(13)

>
ﬂ
Il

If &; < 0in (19), it denotes that the corresponding con-
straint do not change Au (k). Then it can be chosen =0,
however, if A; > 0, the corresponding constraint can change
Au (k), so Xi = Aj. Then, the constrained NMPC control
action could be computed as

Au (k)
_ SIZCTQ (Wyk - CXKI) — OSAT[_\
~ STCTQCSc +0.5R (1 + B2 + ...+ p2Ve=D)

(20)

where, A = [X ... Xq]T. It should be noted that the effect
of d(k) is taken in to account in (20) by the term X !, defined
in (11), which its components are calculated from (10).
Remark 1: The NMPC formulation presented above can
be extended to MIMO systems easily.
Remark 2: The term w,(k), which denotes the zero-mean
white Gaussian noise with covariance matrices ¢q,, in (34)
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represents the possibility of rapid changes in the case that the
effectiveness factor of actuators y, (k) is lost. The sensitivity
of the suggested method to these changes is low. However,
to reduce the sensitivity of the method to the loss of effec-
tiveness factor when it has rapid changes in the time domain,
the dynamics can be considered as:

Ya (k + 1) = Ay, (k) + wa((k) 21

where, matrix A needs to be known.

B. FEEDBACK COMPENSATION

In the most cases, there are not explicit model of the pro-
cess and there are some uncertainties in process model.
In these cases, model of process is achieved by model mis-
match. When MPC uses this model, it cannot achieve control
objectives. For this purpose, feedback compensation (FC)
could be used to solve this problem by marking e («) at time
k as follows

e(k) =x (k) = X (kle = 1) (22)

where x (k) can be achieved by system feedback or state
observer at sample instant «, and x (x|« — 1) is the predicted
amount of x (k) at instant k — 1. Similarly,

ek +iU)=xw+)—xk+ik+c—1) (23)

By adding error in NMPC formulation, equation (10) is
rewritten as follows

X e+ i) = f (wy (e + 10— 11))
—l—g(wx (kK +1— 1|K)) uk—=1)
+ g4 (WX (kK +1t— 1|K))d(K+L— 1|k)
+e(k + tx) (24)

where, by zero order extrapolation, d (k +t— l|x) =
d (k — 1)and e (k + t|k) = e (k). Thus, by using FC, NMPC
is robust against uncertainties.

Remark 3: When the fault occurs in plant, it can be mod-
eled as model mismatch; then by using FC in NMPC formula-
tion, the control system can accommodates the fault in plant.

Ill. FTC BASED ON NMPC

In this section, the proposed FTC approach is discussed.
The fault description in control system components is intro-
duced in subsection 3.1, and the proposed fault estima-
tor and supervisory schemes are presented in subsection
3.2 and 3.3 respectively, and the architecture of proposed FTC
scheme is shown in 3.4.

A. FAULT DESCRIPTION IN CONTROL SYSTEM
COMPONENTS

During the operation of a control system, failures or faults
may be occurred in the components of control system such
as actuators, sensors and plant. These type of faults can be
modeled as multiplicative/additive faults. The fault which

VOLUME 9, 2021
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FIGURE 2. Actuator fault.

changes the dynamics of the plant is named as plant fault.
This type of fault in affine systems is written as bellow

F W)y =f (x () +8f (x (k) (25)

For example, the tank system that is pierced and its flow
rate is changed, has the plant fault. The fault that may be
occurred in actuators can be bias or partial failure, that is
reduction of control effectiveness. From Fig. 2, the con-
trol action of i — th faulty actuator can be expressed as
follow [20]:

ufi = (1 + vai) i + ugy;

i=1,2,...,m,

—1=<vi=0 (20

where, m is the actuators number, and y,; is the loss of
control effectiveness factor and uy, is the bias of i — th
actuator. All types of actuator faults in literature are shown
in Table 1.

The actuator fault can also be represented in a control
system by the following compact form

up = (I + yo)u + uyp, 27

where, v, = diag (Ya1, Ya2, - - - » Yam), I 18 the identity matrix
and ug, = [up, upy, - - . ume]T. In a similar way, sensor faults
can be represented as bellow

yr=UA+v)y+ys (28)

where, y, =
[bel)’sz .- 'nyq] .

dl(lg (VS] s Vs2s e e ey ‘}/Sq) and Yo =

~

B. FAULT/STATE ESTIMATOR SCHEME

We design a new fault/state estimator based on EKF that
estimates the control and output effectiveness factors y,, v
and states of the plant (x) used in NMPC. Consider the fault
free, affine nonlinear system

Xxw+1) =f(w)+glw)ulk)+ga(x k) d k)
(29)
() = Cx () (30)

Regarding (27), the state equation with actuator fault is as
follow

Xk +1) =f(x &)
+e (X ) uk) +E (k) ya (k)
+8a (x () d (k) (3D

VOLUME 9, 2021

where

E) =gx &)Uk,
Yal (K)

Ya2 ()
Ya () = . ,

| Vam ()
™ up (k) 0 0

0 uy (k) .- 0
U =| | L (32)

6 O U, .(/c)

When we have no infirmation about the changes of the
loss of effectiveness factors, we can model the control loss
of effectiveness factors by a random bias vector as bellow

Ya (K + 1) = ya (k) + wa (€) (33)

where, w,(x) denote the zero mean white Gaussian noise

and covariance matrices g,. Defining the new state such as
T

Za () =[x (k) va (K)]", we have

Za(k +1) = f (za (k)
+ 8 (za () u (k)
+ 84 (za (K)) d ()
+ gwaWa (k) (34)
y (k) = Cazq (k) (35)

where,

F (2 () = )

7uw»+ﬂmﬁwq
}uw»}
L1,

8 (za (k) =

34 (20 (1)) :gd(X(K))},

0

gw=?} Ca=1C 0] (36)

By an estimator both state vector of plant and control effec-
tiveness factors can be approximated. Similarly, the output
equation with sensor faults is as follow

y) =Cx (k) + F () ys () 37
where
F)=-Y ),
[ y1 () 0 0
0 y2 (k) 0
Yo =| . : ,
. 0 0 yg (1)
i Vsl (K)
Vs2 (K)
) = . (38)
| Vsq (K)
118465
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TABLE 1. Actuator faults type.

Fault free
Bias
Partial failure
Failure
Stuck

Yai = 0,uf0; =0

In similar way, the sensor loss of effectiveness factors can
be modeled as

s (K + 1) = ys () + wy (k) (39)

where, ws (k) denotes zero mean white Gaussian noise and
covariance matrices ¢g;. By defining the new state z; (k) =
[x (k) ys (K)]T, the augmented model is

z(k+ 1) = f (25 ()

+8 (25 (k) u ()
+ 4 (25 (1)) d (1)
+ gwsWs (k) (40)
y (k) = Cyzs () (41)
where,
= [ e
fmw»—_%w)]
gmw»:_“ﬁ”q,
@mw»=g“§m}
gus = ﬂ; &=IC F ] @

For state estimation of the augmented models aforemen-
tioned above, nonlinear observers can be used. The EKF is
a natural observer for nonlinear systems. The general for-
mulation of EKF is as following. Consider the nonlinear
discrete- time system as:

zitk+1) =Li(zi (k) ,uk),d k) +Gw; (k) (43)
y (k) = Cizi (k) +vi (k) (44)

where, w;(k) and v;(k) are the zero-mean white Gaus-
sian noise sequence with covariance matrices ¢; and r;,
respectively and

L; (z (k)~, & (k)
=f(zi (k) + gz (k) uk) +gaq (zi (k))d (k) (45)

where, G; 2 gwi and C; = C; for i = a, s. For above system,
following equations are the standard EKF representation:
Prediction phase:

Zit)” = Li Gtk =D uk —1).d (k— 1)) (46)
_ oL, _,

Aik—l = 9z

47
Gitk=1)*
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Ufoi 7é 0
—1 <7, <0
Yai = -1
Yai = 71; Ufoi 7é 0
Update phase:
-1

K = Py C,-kT(C,-kP,; c.T+ r,-k> 48)
zi(k)" = Zik)™ 4+ Ki (y (k) — G 2i(k) ™) (49)
Pl =P, — KiCy, P (50)

where, Z;(k) ™ is a priori estimation, P} is a priori covariance,
Zi(k)* is a posteriori estimation, P,:r is a posteriori covariance
and K in the above equations is determined from the Riccati
equation and called the EKF gain. It should be noted that in
practice we do not know the process noise covariance matrix
(g;) and the measurement noise matrix (r;), that affect the
system. But, during filter design, they are adjusted by trial
and error approach to achieve better EKF filter performance.

By the use of EKFs, the states of the augmented sys-
tems (43-44), (ie., zi (k) = [x (k) y; (k)]T, fori = a,s,
which include the variables of the plant state and the loss of
effectiveness factor of actuator or sensors, are estimated at
each sampling time and are passed to the supervisor unit.

Remark 4: If the bias in actuators is unknown, it can be
estimated in similar way by above method. For state estima-
tion of the augmented models aforementioned above, non-
linear observers can be used. The EKF is a natural observer
for nonlinear systems. The general formulation of EKF can
be found in [31]. Thus by using two EKFs for augmented
systems the states of process and y; (k) and y, (k) can be
estimated.

C. SUPERVISORY SCHEME
The supervisor is unit that gives the fault information from
fault/state estimator, then modifies the internal model of pro-
cess in NMPC. The technique of modeling the all types of
faults in actuators and sensors is presented in the following.
Consider the fault-free model of process described by (29),
(30). When actuator fault occurs, by replacing u (x) with
ur (), presented in (27), the state equation (29) is changed
by equation bellow
x (e +1) =f(x )
+8 (x () (I + va)u (k)
+g (x (k) upy
+ 84 (X ())d () (51)
By definition of g(x (k)0 = & (X (k) + Ya), the
equation (38) become
X e+ 1) = f (x ()
+8(x () pewtt (1)
+8 (x (1) upy
+ 84 (X () d (1) (52)

VOLUME 9, 2021



R. E. Bavili et al.: New Active Fault Tolerant Control System: Predictive Online Fault Estimation

IEEE Access

For compensating the actuators partial failure, by using the
information about y,, g(x (k)),e, 1S constructed, and NMPC
is then redesigned. Also for accommodate the bias fault the
term g (x (k)) ug, can be treated as disturbance in NMPC
formulation; in compact form the NMPC can be designed for

X (k+1)=f(x )
+g (x () u (k)

+ 84 (x (K))d (k) (53)

y (k) = Cx (k) (54)

where, g4 (x (k) = [ga (x (k) g(x (k)] and d (k) =
[d (k) up (K)] . In a similar way, when sensor fault occurs,
by replacing y (x) with yr («) in (28), the output equation (30)
is obtained as follows

Y =T +y) ' Cx ) — A+ )7y (55)

By defining Cyey = (I + ys)’IC, the equation (55) is
written as

Y (k) = Cewx () — (I +v5) " 'yp, (56)

For compensating the sensor partial failure, by using of
information about y;, Cye, is constructed, then NMPC is
redesigned. Also the bias term —(/ + y;) ™! ¥, can be com-
pensated by correction of equation (13) in NMPC formula-
tion. Thus, by constructing the g(x (k)) ¢, and Cye, in each
sample time, the NMPC is updated and the simultaneous fault
in actuators and sensors, are compensated. Also it should be
noted, the fault in plant that modeled by (25), create mismatch
between plant and model; but by FC in NMPC, plant fault is
compensated automatically.

D. FTC ARCHITECTURE

The block diagram of the proposed FTC based on NMPC and
EKF is depicted in Fig. 3. In every sample time, the EKF
estimates the control and output effectiveness factors 7, s
and states of plant x. Then y,, 7 are sent to supervisor unit.
Supervisor replaces the new faulty model with old fault-free
model used in the NMPC. In addition, the estimated states
of plant also used in NMPC formulation when the states
are not measurable. Then, NMPC using this new informa-
tion, updates the optimization problem and computes Au (k).
Thus the actuator and sensor faults are compensated by an
AFTC system. Also, by FC in NMPC, the proposed controller
is robust through plant faults and uncertainties. In brief,
the whole procedure of implementation the presented FTC
scheme can be summarized as follow

1) Develop the discrete, affine nonlinear model of process.

2) Construct NMPC controller with FC considering the
nonlinear affine model of the plant and the real con-
straints (this step needs some trial and error for setting
the NMPC weight matrices, prediction horizon).

3) Construct the EKFs for augmented systems (this step
needs some trial and error for setting the best tuning
parameters of EKF).
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FIGURE 3. Architecture of proposed FTC based on NMPC.

Set the EKF parameters: q,,7,, qg, 73

Set NMPC parameters: Np, R, Q, x,
p,AB

!
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}
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|
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EKFs

| [
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system by supervisor

A

Apply the control signal

l to plant

A

Compute the control signal by NMPC

FIGURE 4. Flowchart of proposed FTC scheme.

4) Implement the control system as shown in Fig. 3.
The general view on the proposed control scheme is
illustrated in Fig. 4

It should be noted that in similar to the other MPC based
FTC approaches, only by trial and error in choosing the
parameters of NMPC, stability and desired performance can
be obtained. The parameters of the proposed method are the
NMPC parameters: N,, o, 8, R, QO which should be satisfied
inR,Q > 0, € [0,1);8 € RT; N, > 1 and EKFs
parameters: qq, 4, gs, s > 0 These parameters must be set
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to apply both to above criteria and to provide stability and
desired performance in the closed-loop system.

Remark 5: The proposed FTC scheme is designed based
on the basic approach such that the tracking error to be
minimized and the constraints to be satisfied. However, for
further stability analysis the recently presented methods can
be applied such as [32].

IV. SIMULATION RESULTS

In order to demonstrate the performance of the proposed
control method, the results of comparative simulation on
CSTR system are given. The performance of the closed-loop
system with proposed FTC is evaluated by Matlab simula-
tion, compared to control method proposed in [19]. Both
of method [19] and our method present the FTC based on
predictive control and compensate the actuator and sensor
faults simultaneously. Also, the proposed NMPC controller
with analytical solution is compared to NMPC with SQP
solution, from the computational cost point of view. The
proposed FTC scheme is used to control of a continuous
stirred-tank-reactor (CSTR), depicted in Fig. 5, which has a
highly nonlinear model. Considering the constant liquid level,
the dynamic model of CSTR is written as [33]:

. F E
Cy = ; (Caf - Ca) — Ko €Xp <__) Cq (57)

RT
. F
T=—(Ty—T)
\4
(—AH) ( E )
koexp| —— | C4
pCp RT
+ uA (T,— Ty —T) (58)
V,on L d

The aforementioned model, represents an exothermic reac-
tion, A — B, where, the concentration of A in the reactor
(C,) and the reactor temperature (7") are the outputs and the
temperature of the coolant stream (7)) is the manipulated
input by an external heat input/removal actuator. Also T,
the loss of temperature because of heat dissipation is as
input disturbance. The description of system parameters are
presented in Table 2. The real constraints for system are

230 << 600K, 245 <T, <350K, 0 <C, <1mol/l
(59)

TABLE 2. The CSTR parameters values.

FIGURE 5. CSTR process.
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FIGURE 6. Control of CSTR system by NMPC controllers.

The simulation results of NMPCs control of CSTR system
are shown in Fig. 6, and the parameters and computational
load of NMPC with analytical solution used in this paper and
NMPC with SQP used in [28], are compared in Table 3. The
sample time is k; = 0.5 sec and for MPC design the system is
linearized around the operation point OP1 (C, = 0.49, T =
290). It can be seen that around the operation point OP1, each
of the controllers have acceptable performance, but by atten-
tion to the Table 3, NMPC with analytical solution can reach
the same control objectives and constraints with low compu-
tational time in comparison with other NMPC. The proposed
method performs calculations in less time among nonlinear
model predictive controllers. Obviously, MPC has less cal-
culations time due to the simpler computational method, but,
as mentioned earlier, it is not suitable for nonlinear systems.
Compared to the rival NMPC, which use SQP for compute the

UA =50 000 J/min K
0.4 < Cue <0.6mol/l
E/R =8750K
p = 1000 g/I
348 < Ty <352 K
F =100 I/min
v=1001
C, = 0.239./gK
ko = 7.20 x 109%min~!
AH = —50000 J/mol

Heat-transfer coefficient
Inlet feed concentration
Activation-energy
Liquid density
Feed temperature
Process flow rate
Reactor volume
Specific-heat
Reaction rate constant
Heat of reaction
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TABLE 3. The NMPCs parameters and computation time.

Controller Parameters Average computation time (s)
MPC (QP) Np=2 N.=2R=005-1, Q= 0.021
0.1-1
NMPC (SQP) Np=2, No=2R=005-1,Q= 0.127
0.10-1
NMPC (Analytical) Np=2, N.=2,R=0.05-1, Q= 0.023

0.10-1,a =0.5, 3 =0.8
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FIGURE 7. Control of CSTR system by the suggested FTC and the method
of [19], for set point changes around OP1.

optimization problem, our method with analytical solution,
has significant less calculations time and can be implemented
with industrial computers. For further complexity analysis the
readers are referred to see a new approach in [34]. In the
following, comparative simulations are presented. For this
purpose, the proposed FTC approach based on NMPC with
analytical solution is compared with FTC based on MPC as
presented in [20], under simultaneous fault in actuator, sensor
and plant; suppose that, the heat input/removal actuator has
bias T,o = 10 K and its effectiveness 40% degraded at
instant k = 150, and sensorl lost 60% of its effectiveness
simultaneously. Also the dynamic of plant changed by

FO Dy = (W)
T (X (). O (x () = [0_?055] (60)

The simulation results around two operation points OP1
(C, = 049, T = 290) and OP2 (C, = 041, T =
325) are shown in Fig. 7 and. 8 respectively. Also, the loss
of effectiveness factor of actuator and sensor estimated by
fault/state estimator are predicted in Fig. 9. By attention to
Fig. 7 and Fig. 8, around both operation points specially in
OP2, the FTC based on NMPC has more acceptable perfor-
mance than FTC approach presented in [20], in the presence
of the faults. Simulations verifies that the designed FTC
based on NMPC with analytical solution accommodates the
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FIGURE 9. Control and output loss of effectiveness factor estimated by
Fault/State estimator.

simultaneous faults in the closed-loop control system and can
deal with constraints on control with low computational load
in comparison with other FTC based on NMPC.

V. CONCLUSION
This study presents a new AFTC method on basis of NMPC
and EKF for constrained affine nonlinear system. With fault
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estimating and correcting the internal model of NMPC in
each sampling instant, the actuator and sensor faults were
compensated. Also, by using FC in NMPC formulation,
the proposed controller is robust in versus of plant faults and
uncertainties. The advantages of the proposed FTC approach
are: (1) its capability to handle the constraints and all types
of faults in control system components simultaneously, (2)
low on-line computational cost, (3) simplicity for real appli-
cations. To examine the capability, the suggested control
approach is used to control of a continuous stirred-tank-
reactor. Various faults such as degradation of sensors and
actuators performance about 60% and suddenly dynamic
changes are taken to account. It is shown that the suggested
FTC-NMPC method well tackles the effect of faults and the
output is well converged to the desired set point. Also, it is
verified that the suggested approach has less computational
cost. For our future work, this approach will be extended to
MIMO constrained general nonlinear systems.

REFERENCES

[11 A.T. Vo and H.-J. Kang, “A novel fault-tolerant control method for robot
manipulators based on non-singular fast terminal sliding mode control and
disturbance observer,” IEEE Access, vol. 8, pp. 109388-109400, 2020.

[2] V. D. Phan, C. P. Vo, H. V. Dao, and K. K. Ahn, “Robust fault-tolerant
control of an electro-hydraulic actuator with a novel nonlinear unknown
input observer,” IEEE Access, vol. 9, pp. 30750-30760, 2021.

[3] J. Wang and J. Yu, ‘“Particle swarm optimization-based Hy, track-
ing fault tolerant control for batch processes,” IEEE Access, vol. 9,
pp. 84241-84251, 2021.

[4] D. Zhang and Z. Gao, “Fault tolerant control using reinforcement
learning and particle swarm optimization,” [EEE Access, vol. 8,
pp. 168802-168811, 2020.

[5] H.V.Dao,D.T. Tran, and K. K. Ahn, “Active fault tolerant control system
design for hydraulic manipulator with internal leakage faults based on
disturbance observer and online adaptive identification,” IEEE Access,
vol. 9, pp. 23850-23862, 2021.

[6] J. Yu, C. Su, and Y. Chen, “A systematic optimization design of new
constrained robust model predictive fault-tolerant control for industrial
processes,” IEEE Access, vol. 9, pp. 73060-73070, 2021.

[7] R. P. Saputra, N. Rakicevic, D. Chappell, K. Wang, and P. Kormushev,
“Hierarchical decomposed-objective model predictive control for
autonomous casualty extraction,” IEEE Access, vol. 9, pp. 39656-39679,
2021.

[8] M. Elsisi, K. Mahmoud, M. Lehtonen, and M. M. F. Darwish, “Effective
nonlinear model predictive control scheme tuned by improved NN for
robotic manipulators,” IEEE Access, vol. 9, pp. 64278-64290, 2021.

[9]1 M. Kim, D. Lee, J. Ahn, M. Kim, and J. Park, “Model predictive control
method for autonomous vehicles using time-varying and non-uniformly
spaced horizon,” IEEE Access, vol. 9, pp. 86475-86487, 2021.

[10] X.Zhu and D. Li, “Robust fault estimation for a 3-DOF helicopter consid-
ering actuator saturation,” Mech. Syst. Signal Process., vol. 155, Jun. 2021,
Art. no. 107624.

[11] L. Tang, F. Yan, B. Zou, K. Wang, and C. Lv, “An improved kinematic
model predictive control for high-speed path tracking of autonomous
vehicles,” IEEE Access, vol. 8, pp. 5140051413, 2020.

[12] S. Li, J. Liu, R. R. Negenborn, and Q. Wu, “Automatic docking for
underactuated ships based on multi-objective nonlinear model predictive
control,” IEEE Access, vol. 8, pp. 70044—70057, 2020.

[13] F. Zhao, W. Wu, Y. Wu, Q. Chen, Y. Sun, and J. Gong, “Model pre-
dictive control of soft constraints for autonomous vehicle major lane-
changing behavior with time variable model,” IEEE Access, vol. 9,
pp. 89514-89525, 2021.

[14] J. Maciejowski, ‘“‘Reconfiguring control systems by optimization,” in
Proc. Eur. Control Conf., 1997. [Online]. Available: http://publications.
eng.cam.ac.uk/330394/

[15] J. M. Maciejowski and C. N. Jones, “MPC fault-tolerant flight control case
study: Flight 1862, IFAC Proc. Vol., vol. 36, no. 5, pp. 119-124, 2003.

118470

(16]

(17]

(18]

[19]

[20]

(21]

(22]

(23]

(24]

(25]

[26]

(27]

(28]

[29]

(30]

(31]

(32]

(33]

(34]

K. Ghanbarpour, F. Bayat, and A. Jalilvand, ‘‘Dependable power extraction
in wind turbines using model predictive fault tolerant control,” Int. J.
Electr. Power Energy Syst., vol. 118, Jun. 2020, Art. no. 105802.

M. M. Morato, P. R. C. Mendes, J. E. Normey-Rico, and C. Bordons,
“LPV-MPC fault-tolerant energy management strategy for renewable
microgrids,” Int. J. Electr. Power Energy Syst., vol. 117, May 2020,
Art. no. 105644.

P. Manikandan, M. Geetha, and J. Jerome, ‘“Weighted fuzzy fault tolerant
model predictive control,” in Proc. IEEE Int. Conf. Fuzzy Syst. (FUZZ-
IEEE), Jul. 2014, pp. 83-90.

L. F. Mendonga, J. M. C. Sousa, and J. M. G. S. da Costa, “‘Fault tolerant
control using a fuzzy predictive approach,” Expert Syst. Appl., vol. 39,
no. 12, pp. 10630-10638, 2012.

R. E. Bavili and M. J. Khosrowjerdi, “Active fault tolerant controller
design using model predictive control,” J. Control Eng. Appl. Informat.,
vol. 17, no. 3, pp. 6876, 2015.

S. M. Kargar, K. Salahshoor, and M. J. Yazdanpanah, “Integrated non-
linear model predictive fault tolerant control and multiple model based
fault detection and diagnosis,” Chem. Eng. Res. Des., vol. 92, no. 2,
pp. 340-349, Feb. 2014.

S. Sun, L. Dong, L. Li, and S. Gu, “Fault-tolerant control for constrained
linear systems based on MPC and FDI,” Int. J. Inf. Syst. Sci., vol. 4, no. 4,
pp. 512-523, 2008.

C. Ocampo-Martinez, V. Puig, J. Quevedo, and A. Ingimundarson, ‘‘Fault
tolerant model predictive control applied on the Barcelona sewer network,”
in Proc. 44th IEEE Conf. Decis. Control, Dec. 2005, pp. 1349-1354.

E. N. Hartley and J. M. Maciejowski, ‘‘Reconfigurable predictive control
for redundantly actuated systems with parameterised input constraints,”
Syst. Control Lett., vol. 66, pp. 8-15, Apr. 2014.

R. F Escobar, C. M. Astorga-Zaragoza, J. A. Hernindez,
D. Judrez-Romero, and C. D. Garcia-Beltran, *“Sensor fault compensation
via software sensors: Application in a heat pump’s helical evaporator,”
Chem. Eng. Res. Des., vol. 93, pp. 473-482, Jan. 2015.

C. Bordons, F. Garcia-Torres, and M. A. Ridao, Model Predictive Control
Microgrids, vol. 358. Cham, Switzerland: Springer, 2020.

X. Zhang, H. Yao, Q. Zhang, Z. Hao, H. Pan, Y. Yang, Y. Cheng, and
Y. Song, “Nonlinear model predictive control (NMPC) based trajectory
tracking on EAST articulated maintenance arm (EAMA),” Fusion Eng.
Des., vol. 163, Feb. 2021, Art. no. 112102.

B. Karg and S. Lucia, “Approximate moving horizon estimation and robust
nonlinear model predictive control via deep learning,” Comput. Chem.
Eng., vol. 148, May 2021, Art. no. 107266.

H. Ferreau, G. Lorini, and M. Diehl, “Fast nonlinear model predictive
control of gasoline engines,” in Proc. IEEE Int. Conf. Control Appl.,
Oct. 2006, pp. 2754-2759.

T. Zheng and W. Chen, “Efficient nonlinear model predictive control for
affine system,” Adv. Model Predictive Control, to be published. [Online].
Available: https://cutt.ly/sWepeOS

M. T. Sabet, P. Sarhadi, and M. Zarini, “Extended and unscented Kalman
filters for parameter estimation of an autonomous underwater vehicle,”
Ocean Eng., vol. 91, pp. 329-339, Nov. 2014.

R. Wang, Q. Sun, W. Hu, Y. Li, D. Ma, and P. Wang, “SoC-based droop
coefficients stability region analysis of the battery for stand-alone supply
systems with constant power loads,” IEEE Trans. Power Electron., vol. 36,
no. 7, pp. 78667879, Jul. 2021.

M. Khairy, A. L. Elshafei, and H. M. Emara, “LMI based design of
constrained fuzzy predictive control,” Fuzzy Sets Syst., vol. 161, no. 6,
pp- 893-918, Mar. 2010.

D.Ma, Y. Li, X. Hu, H. Zhang, and X. Xie, “An optimal three-dimensional
drone layout method for maximum signal coverage and minimum interfer-
ence in complex pipeline networks,” IEEE Trans. Cybern., early access,
Jan. 5, 2021, doi: 10.1109/TCYB.2020.3041261.

ROBAB EBRAHIMI BAVILI is currently a Post-
doctoral Researcher at Sahand University of Tech-
nology, Tabriz, Iran. Her research interests include
adaptive control and predictive control.

VOLUME 9, 2021


http://dx.doi.org/10.1109/TCYB.2020.3041261

R. E. Bavili et al.: New Active Fault Tolerant Control System: Predictive Online Fault Estimation

IEEE Access

ARDASHIR MOHAMMADZADEH received the
B.Sc., M.Sc., and Ph.D. degrees in control engi-
neering. He is currently an Assistant Professor
with the University of Bonab. His research inter-
ests include fuzzy systems, intelligent control, and
soft computing.

JAFAR TAVOOSI was born in Ilam, Iran, in 1987.
He received the B.S. degree in electrical engi-
neering from Razi University, Kermanshah, Iran,
in 2009, the M.Sc. degree in control engineering
from Tabriz University, in 2011, and the Ph.D.
degree in control engineering from Amirkabir Uni-
versity of Technology, in 2016. He is currently
an Assistant Professor with the Department of
Electrical Engineering, Ilam University. He pub-
lished one book and more than 26 papers in sci-
entific journals and conferences. His research interests include computation
intelligence, fuzzy systems, and system identification.

SALEH MOBAYEN (Senior Member, IEEE)
received the B.Sc. and M.Sc. degrees from the
University of Tabriz, Tabriz, Iran, in 2007 and
2009, respectively, and the Ph.D. degree from Tar-
biat Modares University, Tehran, Iran, in January
2013, all in control engineering. Since December
2018, he has been an Associate Professor of con-
trol engineering with the Department of Electrical
Engineering, University of Zanjan. He currently
cooperates with the National Yunlin University of
Science and Technology He has published many articles in national and
international journals. He serves as a member of program committee of IEEE
conferences.

VOLUME 9, 2021

WUDHICHAI ASSAWINCHAICHOTE (Member,

IEEE) received the B.S. degree (Hons.) in elec-

trical engineering from Assumption University,

Bangkok, Thailand, in 1994, the M.E. degree

in electrical engineering from Pennsylvania State

University (Main Campus), PA, USA, in 1997,

and the Ph.D. degree in electrical engineering

from The University of Auckland, New Zealand,

-~ L in 2004. He is currently an Associate Professor

with the Department of Electronic and Telecom-

munication Engineering, King Mongkut’s University of Technology Thon-

buri (KMUTT), Bangkok. He has published a research monograph and

more than 20 research articles in international refereed journals indexed

by SCI/ESCI (Clarivate Analytics). His current research interests include

fuzzy control, robust control, optimal control, system and control theory,

computational intelligence, and PID controller design. He serves as an Asso-

ciate Editor for International Journal of Innovative Computing, Information

and Control. He also serves as a Reviewer, including IEEE TRANSACTIONS

oN INpUSTRIAL ELEcTRONICS, IEEE TRANsAcTIONS ON Fuzzy Systems, IEEE

TransacTionNs oN CYBERNETICS, Neural Computing and Applications, and
IEEE Access.

JIHAD H. ASAD was born in Nablus, Palestine,
in 1968. He received the B.Sc. and M.Sc. degrees
in physics from An-Najah National University,
in 1995 and 1998, respectively, and the Ph.D.
degree from The University of Jordan, Amman,
Jordan, in 2004. In 2000, he enrolled the Ph.D.
program at The University of Jordan. The Ph.D.
thesis was carried under the supervision of Prof.
Jamil M. Khalifeh and its title was: Resistance
Calculation of an Infinite Network of Resistors
Application on Green’s Function. He is currently a Full Professor in the-
oretical physics at Palestine Technical University—Kadoorie. He has pub-
lished more than 50 articles in international indexed journals (most of
them listed in WoS). His research interests include fractional calculus and
its application numerical and simulation study of differential equations
analysis of infinite and finite electric circuits. Finally, he is a reviewer
in more than ten journals (more details about him: Scopus Author ID:
8898843900 https://publons.com/researcher/1287566/jihad-asad/).

AMIR H. MOSAVI graduated from Kingston Uni-
versity London, U.K. He received the Ph.D. degree
in applied informatics. He is currently Alexan-
der von Humboldt Research Fellow for big data,
the IoT, and machine learning. He is a Senior
Research Fellow at Oxford Brookes University.
He is a Data Scientist for climate change, sustain-
ability, and hazard prediction. He was a recipient
of the Green-Talent Award, the UNESCO Young
Scientist Award, the ERCIM Alain Bensoussan
Fellowship Award, the Campus France Fellowship Award, the Campus Hun-
gary Fellowship Award, and the Endeavour-Australia Leadership.

118471



