energies

Article

Hybrid Fault-Tolerant Control for Air-Fuel Ratio Control
System of Internal Combustion Engine Using Fuzzy Logic and
Super-Twisting Sliding Mode Control Techniques

Turki Alsuwian 1@, Umar Riaz 2(”, Arslan Ahmed Amin 2*, Muhammad Bilal Qadir 3, Saleh Almasabi !

and Mohammed Jalalah 14

check for
updates

Citation: Alsuwian, T.; Riaz, U.;
Amin, A.A.; Qadir, M.B.; Almasabi,
S.; Jalalah, M. Hybrid Fault-Tolerant
Control for Air-Fuel Ratio Control
System of Internal Combustion
Engine Using Fuzzy Logic and Super-
Twisting Sliding Mode Control
Techniques. Energies 2022, 15, 7010.
https://doi.org/10.3390/en15197010

Academic Editor: Theodoros Zannis

Received: 20 August 2022
Accepted: 20 September 2022
Published: 24 September 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Department of Electrical Engineering, College of Engineering, Najran University, Najran 11001, Saudi Arabia
Department of Electrical Engineering, FAST National University of Computer and Emerging Sciences,
Chiniot Faisalabad Campus, Chiniot 35400, Pakistan

School of Engineering & Technology, National Textile University, Faisalabad 37610, Pakistan

Promising Centre for Sensors and Electronic Devices (PCSED), Advanced Materials and Nano-Research
Centre, Najran University, Najran 11001, Saudi Arabia

*  Correspondence: arslan.amin@nu.edu.pk; Tel.: +92-322-6259484

Abstract: Safety and critical applications employ fault-tolerant control systems (FTCS) to increase
reliability and availability in the event of a failure of critical components. Process facilities may
employ these technologies to cut down on production losses caused by equipment failures that
occur on an irregular or unscheduled basis. Air—fuel ratio (AFR) adjustment in the fuel system of
internal combustion engines (ICE) is crucial for enhancing engine efficiency, saving fuel energy, and
safeguarding the environment. This paper proposes a novel hybrid fault-tolerant control system
(HFTCS) for controlling the AFR in ICEs that combines the features of both an active fault-tolerant
control system (AFTCS) and a passive fault-tolerant control system (PFTCS). The fault detection and
isolation (FDI) unit is designed using fuzzy logic (FL) as part of an AFTCS to give estimated sensor
values to the engine controller when the sensor becomes faulty. Super-twisting sliding mode control
(ST-SMC) is implemented as part of a PFTCS to maintain AFR by adjusting the throttle actuator in
the fuel supply line under faulty conditions. Lyapunov stability analysis is also performed to make
sure that the system remains stable in both normal and faulty conditions. According to the results in
the Matlab/Simulink environment, the suggested system stays robust and stable during sensor faults.
In faulty situations, it also maintains the AFR at 14.6 without any degradation, and a comparison
with previous studies is carried out. The study shows that the suggested approach is an innovative
and highly dependable solution for AFR control in ICEs, preventing engine shutdown and output
loss for higher profitability.

Keywords: air-fuel ratio control; IC engine; fault-tolerant control; fault detection and isolation unit;
robust control; fuzzy logic control; super-twisting sliding mode control; analytical redundancy

1. Introduction
1.1. Air-Fuel Ratio (AFR) Control System

Internal combustion engines (ICEs) are utilized in the process industries for several
prime mover applications, such as compressors and alternators. Depending on the com-
bustion process, they are classified as compression ignition (CI) or spark ignition (SI).
In SI ICEs, the air—fuel ratio (AFR) manages to stay within a narrow band around the
stoichiometric value to meet strict engine exhaust emissions rules, as a rich or lean mix-
ture reduces efficiency [1]. When an exact amount of fuel is provided for the combustion
process as per the balanced chemical equation, the AFR of an ICE is referred to as the
stoichiometric ratio. The AFR of an engine has an effect on several other characteristics of
engine performance, including fuel consumption, combustion, and output torque [2]. As a
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result, AFR control has become a significant issue to eliminate dangerous engine emissions.
All of the abbreviations used in the article are listed and a list of variables is provided
in abbreviations.

The AFR system of an SI ICE is given in Figure 1. To eliminate dust particles, the air is
blown through filters and is directed by a throttle valve. After the filtration fuel is injected
into the engine manifold for the air—fuel mixture system, the flow of fuel is controlled
by a fuel throttle actuator, which is then mixed with air and fed to the engine cylinders
for combustion.
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Figure 1. AFR System of SI ICE [2].

AFR is expressed mathematically as follows:

AFR = Mair_ )

M fyel

where my,, and mg;, represent the respective masses of fuel and air. Following is a
chemical equation that describes how gasoline fuel burns [3]:

250, +2CgHyg3 — 16CO; + 18H0 + Energy 2)

The AFR according to this equation is 14.6, which is also known as the stoichiometric
ratio [3]. The AFR in gasoline combustion can vary from 6:1 to 20:1 according to mixture
contents [4]. In this research, a gasoline engine was utilized to design an AFR controller
for the ideal ratio of 14.6. In ICEs, the main aim is to keep this ratio constant for the best
combustion results [5,6]. It also provides benefits such as decreased toxic emissions and
fuel energy savings due to better engine efficiency [7,8].

Linear and non-linear control principles have been used to solve the problem of AFR
control. As described in [9], Chen used estimation theory to manage the AFR of an IC
engine. His study is focused on a single-cylinder engine, but it can be applied to multi-
cylinder engines as well. Shiwei proposed a second-order sliding mode control for IC
engine AFR control in his research as shown in [10]. In [11], fuzzy sliding mode control
was proposed for a lean burn SI engine, which is model-free and does not need any system
characteristics. In [12], a PI-like fuzzy knowledge-based controller for AFR control was
proposed that is capable of self-tuning and is highly robust. In [13], the modeling for the
AFR controller was performed in detail with stability proofs. For modeling uncertainties
and lumped dynamics effects, the AFR control was used as a tracking control system and
incorporated unknown input observers into the control system design as discussed in [14].
The famous mean value engine model was proposed in [15] for SI ICEs. The AFR control
system is dependent on four important sensors [7], as shown below in Figure 2, and a short
description is given.
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Figure 2. AFR system with Sensor Marking [16].

o  Exhaust Gas Oxygen (EGO) Sensor: The percentage of oxygen in the engine exhaust
gas is measured using an oxygen sensor. The input from the oxygen sensor is required
to adjust the fuel mixture.

e  Manifold Air Pressure (MAP) Sensor: The engine’s electronic control unit receives
immediate manifold pressure information from the manifold absolute pressure sensor.

e  Throttle Sensor: The throttle valve’s opening and closing actions are measured with a
throttle sensor and communicated to an engine control module.

e  Speed Sensor: This device is used to monitor the speed of the engine. It is utilized to
communicate to the controller how fast the engine is moving.

The Engine Control Unit (ECU) contains an AFR controller that ensures an AFR of 14.6.
When sensors and actuators fail due to undesired action, it produces unequal combustion
and engine stoppage, resulting in increased engine unavailability for fault repair as well as
a loss of power. The fault-tolerant control (FTC) concept is used to prevent the engine from
shutting down, allowing it to continue to function normally during the faults.

1.2. Fault-Tolerant Control Systems

A fault is defined as a variation from the acceptable/normal state of system variables
that might degrade the system performance. A system’s normal functioning may vary
from what is desired due to a failure, but this can be tolerated. Faults are considered to
occur infrequently in systems, yet they cannot be prevented, as stated in [17-19]. Their
implications, on the other hand, can sometimes be reduced by taking the right steps. As the
name indicates, a fault-tolerant control system (FTCS) can tolerate faults while maintaining
closed-loop performance, as shown in [20]. These techniques may also be used in different
applications that require continuous servicing, including process industries, where it will
help to increase profitability by preventing production losses as described in [21,22].

The FTCS is further divided into active FTCS (AFTCS) and passive FTCS (PFTCS)
depending on how the problem is addressed. Hybrid FTCS (HFTCS) is designed with the
help of both of these systems as stated in [23,24]. The fault detection and isolation (FDI) unit
in the AFTCS delivers real-time information of system errors and failures. The observer
concept is used in the FDI unit, and the algorithm provides a difference by comparing the
system variable to a normal pre-determined value. Chetouani used an extended Kalman
filter for FDI in nonlinear dynamical systems [25]. In residual-based FD], inputs from a
mathematical model and hardware observations are matched, and the filtered difference is
exploited to provide a residual signal. The residuals should be zero in fault-free situations
and nonzero when faults/failures occur. A fault is defined to occur when the residual
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signal exceeds the threshold, as discussed in [26]. Kobayashi and Simon in [27] highlighted
the use of a bank of Kalman filters for evaluating aircraft engine faults.

The controller in a PFTCS has a fixed structure and does not require the FDI unit to
provide up-to-date fault information. The objective of a PFTCS is to use robust control
techniques to make the controller, but it can only handle faults that were considered
during controller design. As stated in [28], PFTCS has been proposed using fuzzy logic
control (FLC) for tank-level systems and a PI controller under system failures and process
disturbances. For the air route of diesel engines, Murtaza reported a combined FDI and
FTCS based on super-twisting control [29]. AFTCS, on the other hand, responds actively
according to the FDI’s faulty information. The AFTC system’s structure is often more
complex than the PFTCS, but it can handle a wider range of faults. Numerous methods
have been used to implement AFTCS. In [30], Li and Tong used FLC for the adaptive control
system to address the nonlinear parameters for actuator faults. Tang described how neural
networks were applied in the average dwell approach in [31]. Carbot-Rojas described in a
study [32] how a nonlinear adaptive observer was implemented in the FDI unit using real
sensor values for flow rate estimation in a double pipe where heat is exchanged with an
actuator fault. In [33], AFTCS was proposed for both sensor and actuator faults with the
mathematical relationship of observers and redundant actuators for the anti-surge control
system of centrifugal compressors.

HFTCS combines the two approaches to achieve the best solution for both uncertain
and fixed problems. The HFTCS takes into account any faults in the running and designing
stages. Because of this, the suggested approach becomes more reliable and efficient, which
is why it is used in a variety of essential applications where human safety is essential.
In [34], the HFTCS was suggested for the distillation column’s sensors without using any
intelligent control or data-driven method. The HFTCS was introduced in [35] for uncertain
networked control systems using a discrete event-triggered communication mechanism
that was not implemented in the process plant. In this research, we rely on analytical
redundancy, and the software-based approach is utilized to generate parameter values in
accordance with the existing model of the system, rather than utilizing extra hardware
components. The control algorithm uses a software value in the case of a component fault.

1.3. Fuzzy Logic Control

FLC approaches are used to divide a complicated system into multiple subsystems
based on human expertise. FLC is used in analyzing the effect of renewable energy
sources in integrated energy water nexus planning in the presence of uncertainty, and a
detailed review of its various application is given in [36,37]. The first stage in developing a
control system is to make a mathematically based model of the system and the designed
controller. The piecewise Lyapunov functions were used to create controllers for fuzzy
dynamic systems in [38]. FLC applications in practical processes can be found everywhere;
a brief study of a converter DC motor drive is given in [39]. In a comprehensive study on
the intelligent AFR control strategy for gasoline direct-injection engines, a PI-like fuzzy
knowledge-based controller was proposed [40]. The FLC design has two basic steps: the
knowledge base design of FLC and its tuning.

The crisp output error time: error “e” and change in error “Ae” are firstly changed to
fuzzy variables. The error signals are given as follows:

ey = setpoint — output = SP — PV 3)

Aey = ey — ex_q 4)

The compositional rule of inference is used to examine the control rules, and the com-
puted control action is then translated back to the crisp value, which is required to manage
the process. For sensor faults in the AFR system of ICEs, FLC-based AFTCS was developed,
as in [41], but this consisted only of the active part showing computational inefficiency.
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1.4. Advanced Sliding Mode Control

Sliding mode control (SMC) is a kind of variable structure control with the properties
of finite-time convergence, robustness, and reduced-order compensated dynamics. The
SMC design is divided into two sections: the designing of a sliding surface and control law
designing [42]. The sliding mode controllers with discontinuous high—frequency switching
are intended to bring the sliding surface to zero. The system states in SMC are driven
toward the sliding surface (5S). Figure 3 shows the graphical representation of SMC. After
reaching SS, the SMC maintains the states in the near area of the SS. The SMC design is
divided into two sections: SS and control law design.

X2
A

Sliding N (t')
Surface
Reaching
Phase
- >
X1
X (12)
Sliding
Phase &
Figure 3. Graphical representation of SMC [42].
A sliding surface is given as follows:
k=1
oc=¢e+ Z c;e' (5)
i=0

17

Here, k = r — 1 with r denoting the relative degree between 1 and y, and “c;” isa
positive constant that may be chosen at random. The value of ¢ should be chosen so that it
equals 0 and produces a stable differential equation. The sliding surface design is given as
follows for various values of k:

k=1 oc=¢+A, } ©)

k=1 a:é—l—Z)\é—b—)\ze

Control law design is the second step that should guide the variable to zero in a limited
time, or should direct the system trajectories onto the sliding manifold. The discontinuous
function “sgn” produces oscillation in many parts; applying the continuous functions
“sat” and “tanh” reduces some chattering but does not preserve robustness.

The super-twisting sliding mode controller (ST-SMC) is an alternative to the standard
first-order SMC, with a relative degree that does not degrade tracking performance or
produce chattering. After specifying a trajectory similar to one of the twisting algorithms
in [43], this technique converges the sliding variable in a finite duration with a suitable
choice of parameters. The block diagram of ST-SMC is given in Figure 4.
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Figure 4. Block diagram of ST-SMC [43].

In Figure 3, “T,,f” is a reference value, “C” is constant, “b” is positive gain, “sgn”
is signum function, and “u” is the output. The ST-SMC is well-suited to use since it is
less sensitive to output measurement noise and potential faults in the calculation of o
as given in the research [44]. There are two terms in the ST-SMC control law u(t). The
discontinuous time derivative defines the first term, whereas the continuous function of
the available sliding variable, which is only available during the reaching phase, defines
the second [45]. The control law is described as:

) _ —u iflul > 1
up(t) = {_Wsign(g') iflul <1 7
[ —M|oo|psign(o) iflo] > o
ua(t) = {—)\|ao|psign(a) iflo] < ‘7((3) ©

Here, “0p” represents a boundary layer around the control value boundary, and “u”
represents the control value boundary. The following are the required, as well as necessary
and sufficient, requirements for finite time convergence to the sliding mode manifold:

o
W > T,

40T
2 m (W+®)
A A () ©)

0<p<05

W,p, A are control gains, and ®, W, I'ys are positive constants. When controlled
systems are linearly dependent on the control, oy = co and u do not need to be constrained.
As a result, the controller’s final equation may be reduced to:

(1) = A/ [elsign(e) +
O 10

Here, A = y/u and W = 1.1u are used. U is a large-valued positive constant
whose value is fine-tuned using the “trial and error” method till sufficient closed-loop
performance is achieved. The control rule in Equation (10), which is used in the designing
of the controller, is stable, and a step-by-step analysis of its stability is provided.

In this paper, our contribution is the development of an HFTCS for the reliability
enhancement of the IC engine’s AFR system. The proposed hybrid system includes AFTCS
based on FLC for active compensation and PFTCS dependent on the ST-SMC controller for
quick reaction to pre-defined faults of sensors. ST-SMC was implemented to maintain AFR
by adjusting the throttle actuator in the fuel supply line under faulty conditions. Faults
were introduced one by one to check the performance, and simulations were carried out
in the MATLAB/Simulink environment. According to the results in the Matlab/Simulink
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environment, the suggested system stayed robust and stable during sensor faults. In faulty
situations, it also maintains the AFR at 14.6 without any degradation, and a comparison
with previous studies was also carried out to elaborate the benefits of the proposed HFTCS.

The following are the study’s assumptions: (1) The engine works at a steady speed
without regard to load changes. (2) In the event of faults, the sensors return to zero and
the actuator shuts completely. The limitations of the research include the fact that it only
examines the full-type failure of sensors and actuators and does not investigate partly faulty
components. Another limitation is that this research only examines single sensor failures
and not multiple sensor failures. The organization of the paper is as follows: Section 2
discusses the research methodology. Section 3 elaborates on the results and discussion. In
Section 4, detailed comparisons with previous works are given. The last section, Section 5,
covers the conclusion with a discussion of future research areas.

2. Research Methodology

The Matlab/Simulink model of the IC gasoline engine [46] was used for the develop-
ment of the proposed HFTCS in which Mathworks describes an FTC system for an engine
that uses four sensors and an air throttle that keeps the AFR at 14.6. In this model, the AFR
system of the gasoline engine was built based on the findings of Crossley and Cook and was
fully validated against dynamometer test data [47]. The mathematical equations used for
the model construction were in accordance with the mean value engine model (MVEM) [15].
Moreover, it gives an accurate AFR as found in practical gasoline engines [1,2]. The FDI unit
is designed to employ FLC-based observers to implement AFTCS. The PFTCS is designed
with ST-SMC, which makes it robust against parameter changes caused by faults and noise.
Since the engine in the process plant works at a constant speed most of the time, when the
speed sensor fails, the 300 r/min is supplied to the controller by the newly designed FDI
unit. By using Matlab model lookup tables (LTs), the required input data for the throttle
and MAP sensors at a constant speed of 300 r/min was obtained. To generate a nonlinear
relation between the MAP and throttle sensors, FLC methods were applied. For the estima-
tion of faulty sensors’ value, the FDI unit utilized these non-linear relationships. To test the
controller’s operation, a fault was manually injected one by one into all four sensors with
the fault injection unit (FIU). The FLC observer produced a new estimated value based on
the input data from the other active sensors, which was transmitted to the controller. The
design of AFTCS, PFTCS, and HFTCS is further elaborated in the following subsections.

2.1. Modelling of AFR System

The three categories of AFR control dynamics are air dynamics, fuel dynamics, and
sensor dynamics, as detailed in [2].

2.1.1. Dynamics of Air

The ideal air gas theory and conservation of mass can be used to describe the dynamics
of the intake air.

. RTy,, . . T,
Py = =" (i, — mey;) + Py =2 (11)
n Vin ( t yt) n Tin
Pin = W(@tn, Pins Tins Ne) (12)

Here, P;,, refers to the manifold pressure in the bar and T stands for the intake temper-
ature in Kelvin. The mass flow into the valves is expressed by my, (kg/s) and the mass
flow into the cylinders is shown by and measured in (kg/s). The input volume is given by
Vi, and generally measured in (m®). The general gas constant is given by R. The opening
area (degree) of the throttle is measured in @, and the speed of the engine (rpm) is N.
The temperature is assumed to be constant [15,46]. Therefore, the differential Equation (11)
becomes at this point as follows:

P;'n = Kin (mth - méyt) (13)
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. RT:
Kin = 7 l (14)
The mass flow of air through the use of the valve is indicated as:
Mgy = Co—rlSes (@) (P) (15)
VRTi4

The discharge coefficient is represented by C;. The variable P;; determines the excess
loading pressure, and P is the load ratio determined by P, = %ZS@S () is the throttle
area, whereas the effective beginning throttle area is presented by C;Ses (@;). The symbol
for this vector is:

Sett(Dtn) = CaSes(Ttn) = 01{1 — cos(02@p, + 03)} + 04 (16)
Here, g(Pr) is a non-linear concept in the sense that:
/20 (pyy AT 2 \71
ﬁ(Pr)'V 1*Py v lfPr > (ﬁ)
T =
2 -1 ; 2\
Vi) iR < ()

where 7 is the specific heat ratio of air and normally its value is usually taken as 1.4.

g(Pr) = (17)

2.1.2. Dynamics of Fuel
The dynamics for fuel are elaborated as follows:

g () = %(—mff(t) +xrhft(t))
My = (1 —x)mpy(t) (18)
mp(t) = mpy(t) +mpp(t)
Based on the engine’s rpm, it might be utilized as a vector, “Ne”, to attain a more
complete analysis. Where “7;~ is the fuel vapor phase at the time (s), “m 7i(t)” is the fuel

flow injection (kg/s), “m £(t)” is the fuel flow into the cylinders (kg/s), and “m £(t)” is the
vapor fuel flow (kg/s). Consider “x” as a variable that depends on the throttle opening or
engine speed to get a more accurate model

77(Ne) = 05N, (19)

where 05, 04, 07,03 are constant parameters. The injector model is given by a linear re-
lationship between the mass fuel flows from the injectors. AFR can now be obtained

as follows: .
Meyr (¢
Aoyt =~ 1)
Astif)
2.1.3. Sensor Model
The sensor model is given as follows:
: 1 1
ME) = = —Al) + —Agu(t = T(Ne(t))) (22)
™ L)

and the constant delay is 7y = 0.1 Sec.
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Engine speed Ne(t) is expressed in Equation (23) with a delay time.

T(No(1)) = N6?t) (1 + 1yl> (23)

2.1.4. State Space Representation

The following is a description of how the model is represented in state space:

BRI R
y—c m +D [zj (25)
x1 = fi()x(t) — fa(Ju(t) (26)

Xy = —le)t(t) + Tl*/\/\cyl(t - T<Ne(t)))

with x1(t) = Ayr, x2(t) = A(t) and u(t) = rirzi(t)
1 Thc 1

fi() = (N mcyl(Ney, Pi,) )
f() = As iS‘((Z\I\];e)) Meyl(Ne, Pin) 28)

bounded as follows: f_; < f;(.) < f;fori € {1, 2}.

2.2. Design of AFTCS

To explain the AFTCS observer architecture suggested by Wang in [21], the working
flow chart of AFTCS is given in Figure 5. In state-space, the process can be modeled
as follows:

x = Ax+ Bu (29)

y=Cx+ Du (30)

7o

In the above equations, states of the system are represented by “x”, input is denoted
by “u”, and output of the system is represented by “y”. The matrices of the system are
shown by (A, B, C, D), respectively. Assume ¥ indicates the estimated value produced by

the system. As a result, the observer model is:

¥ = AX + Bu (31)
y=Cx (32)
(f—x):A(f—x) (33)

where X — x = e, represents a difference between the system’s actual and expected
output, and:

(7-y)=C(E-x (34)
izAf+Bu+L(y—y) (35)

Feedback gain is given by L
(F-H=AFE-0+L(7-v) (36)

(1-y)=C(x-x) (37)
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(i — %)= (A+LC) (T—x) (38)
(7~ y)=Cex (40)

The FDI unit will not detect a fault until the residual “e,” tends to zero. If the residual
(difference) exceeds a certain set point, then the fault is recognized and the FDI unit is
utilized to replace the incorrect value with the newly generated estimated value, which
is obtained from an observer. When there is no issue in the system, it operates normally;
nonetheless, when a single sensor in the system fails, the FLC-based observer gives the
ECU an estimated value.

Read Sensor Values /ﬂ

FLC Based Obs
Va

Replace the Faulty Value with

erver Estimated
lue

A

A

Output Sensor Value to ECU

\ 4

Figure 5. Flowchart of proposed AFTCS.

Continue Engine
in Normal
Condition

Engine Shutdown
for More than
One Sensor Fault

When the MAP sensor fails, the throttle sensor provides estimation, and when the
throttle sensor fails, the MAP sensor provides estimation. As a result, the system operates
smoothly in both faulty and normal settings.

AFTCSs are constructed utilizing state-space modeling to lessen the effects of these
defects. Detailed research shows the state-space representation of the ICE [13]:

y=u+ax; + pxz (41)

u =1+ ax) + Bx (42)
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x1 = fi()x1 — fa(u(t) (43)
X = —%A(t) + j—AAcyzu —T(N(1))) (44)

Here, x; and x, represent system states, while u, y, and y; denote the system’s inputs,
real outputs, and desired output of the system. The engine parameter is represented by a
and B, which are used to calculate the speed of the engine, N,.

u =Yg+ axy + px2 (45)

The variables of this FLC-based observer are calculated using a gradient descent
approach. The mean square error (MSE) is used to develop an observer that can reliably
predict the exact output value. The MSE is given below.

_ 1o e
E—E(y—y) (46)

In the above equation, the estimated output is given as i and the actual output of the

system is represented by “y”. The MSE is represented by E. The following would be the
predicted output performance of the system:

¥ = u+ aX; + %2 (47)

In a steady-state system, the required production, y;, must correspond with the
predicted output. The conclusion is:

1
E=3(y—ya) (48)
The error function is explained by the above equations, and a partial derivative of it is

given as:

aa% — —a(y—ya) (49)
oE
S =B (50)

The state variables are further modified as:

Ti(k+1) = T (K) —na%El (51)
Ta(k+1) = %K) —ng’% (52)

Both ¥; and X, denote expected values, (k) and (k 4 1) represent intervals, and the
learning rate is denoted by 7. This is obtained by putting the values of Equations (49) and (50)
into Equations (51) and (52).

X1 (k+1) =x1(k) +na(y —ya) (53)
Xo(k+1) =x2(k) +17B(y — ya) (54)
1= 65

Here, the stability is higher, the learning rates are much lower, the settling time is
reduced, and the percentage overshoot is relatively low. We achieved the following by
using the value # of in Equations (53) and (54):

T 1) =710 + s (= v) (56)
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We performed the Lyapunov proof to verify the stability of the controller and con-
firmed that it operates as intended, as briefly discussed in [13]. The dependability of the
control system must be guaranteed for proper functioning. To show the system’s stability,
this FLC-based control technique uses a direct Lyapunov technique. The Lyapunov function
is given as:

V(x(k)) = (va —y)* (58)

Here, V(x(k)) should equal zero if the actual output matches the expected output. The
actual and desired output values entered into the Lyapunov function are as follows:

V(x(k)) = [a(x1(k)) = %1(k) + B(x2(k)) — %2(K)] (59)

The state prediction faults are illustrated below, and we obtained this after solving the
above equation:

x1(k) = (x1(k) —x1(k)) (60)
(k) = (x2(k) —x2(k)) (61)

Now the Lyapunov function becomes:
V(x(k)) = [aX1 (k) + px2 (k)] (62)

By shifting the cycle (k) into the (k 4 1) cycle, we obtained the following result:

V(x(k+1)) = [0 (k+1) + pRa(k +1)] (63)

Here:
J?](k-i-l):(xl(k-f—l)—fl(k‘f—l)) (64)
Bk +1) = (xa(k+1) — Ta(k + 1)) (65)

We obtained the following result by entering the value of Equations (56) and (57) into
Equations (64) and (65):

B(k+1) = 1k +1) =110 = 7 (v~ va) (66)

Bk +1) = sk +1) = 52(k) ~ 1t v )
With the variation between actual and desired output, we obtained the following:
y—Ya = a(x1(k) = %1 (k) + B(x2(k) — %2(k)) (68)
By entering the value of Equations (60) and (61) into Equation (68):
y = Ya = axy(k) + px2(k) (69)

By entering the values from difference Equation (69) into Equation (66):

X (k+1) = x1(k+1) —x1(k) [y (k) + B2 (k)] (70)

w
a? + B2

T (k+1) = xa(k+1) —xz(k) [y (k) + B2 (k)] (71)

__p
a? + B2

As we previously discussed:

x1(k+1) = x1(k) (72)
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xz(k + 1) = xz(k) (73)
k-4 1) = 31 (8) = 1(0) — 7 o 6) + PR (h) 7
Tak-+ 1) = 32(k) = %a(k) = b 0 (6) + a0 @

Using Equations (60) and (61) as inputs, the values of Equations (74) and (75) become:

x1(k+1) = x1(k) [ax1 (k) + 2 (k)] (76)

o *
a? + p?

Bk +1) = H(K) (a1 (K) + pTa (k)] 77)

P
a? + B2

The Lyapunov function is denoted as:

a[7a0) — g o1 () + BT (K)]|

V(x(k+1)) = ~ N B (78)
+B %2 (k) — il (k) + B2 (K)] |
After solving, we achieved the following result:
V(x(k+1))=0 (79)

Thus, the variance between both the (k) and (k + 1) cycles of the Lyapunov function is:

V(x(k+1)) = V(x(k) = —(va —v)* (80)

SV(x(k) = (yg—y)? By entering this value into the above Equation (80), as given in
Equation (50):
V(x(k+1)) = V(x(k)) = =V(x(k)) (81)

Since V(x(k)) = V(x(k)):
V(x(k+1)) = V(x(k)) = V(x(k)) (82)

This indicates that the variance between the Lyapunov function’s cycles “k” and
“(k+1)” is negative-definite. Next, we developed the observer design equation for a
nonlinear control system.

x1(k) = Ax+Bu+g(x, u, k) + L(Cx — y) (83)
Here, “g” is known as a function, which is the nonlinear observer’s feedback gain.
Assuming the error is:

ex(k)=x(k) — x(k) (84)

The error equation becomes, for a nonlinear observer:
éx = (A+LC)ex(k) + (g(x, u, k) —g(x, u, k)) (85)

Whenever there is a matrix and a scalar that meet a given linear matrix inequality, the
error asymptotically goes to zero:

T TxT 2
RA+A'R+XC+C' X" +uA“l R <0 (86)
R —ul
where “R” stands for the reliability of the sensor. The following criteria are used to select
the observer gain matrix:

L=R'X (87)
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Consider the following to demonstrate that the Lyapunov function’s derivative is zero:
V(k) = e Rex(k) (88)
Next, we observed V(x) < 0¥x € D — {0} as stated below:
V(k) =el(RA+RLC+ ATR+CTL TR)e,
+2eIR(3(%, u, K) = g(x, 1, b)) < e
X (RA+RLC+ ATR+CTL7TR)ex
+oarree, T 86 ) —g(x1, w k) |17 (89)
<el (RA+RLC+ ATR+CTL"TR)e,
+ﬁ +uA? [ ex |2

=el (RA+RLC+ ATR+ CTL™TR) + uA?I +1/pR?)e,

The following conclusions are obtained when the observer gain equation is incorpo-
rated into the previous equation:

V(x) <el ( (RA +RLC+ ATR + cTL*TR) Fur T+ 1/ yR2>ex (90)
ex approaches zero if the following inequality somehow holds.
((RA +RLC+ ATR + CTL—TR) A2l 41 /sz) <0 91)

From the equations, we conclude that proof is achieved.

2.3. Design of PFTCS

In the fuel supply line, a fuel actuator is introduced. This fuel actuator is controlled
by an ST-SMC-based controller [43] with a set point of 14.6. The control command from
this controller is received by the fuel actuator. For the design of the PFTCS, the estimate
blocks of the original model were removed. The flowchart of the proposed PFTCS is given

in Figure 6.
The output tracking is defined as:
e=ye (t) —y(t) (92)
Here, “¢” represents output tracking error,”y. (¢)” indicates reference value, and “y(t)”
shows feedback.

The sliding surface is designed as:

oc=¢+ce (93)
Here, “o” is the sliding surface, “e”
time, and “e” is the error itself.
Where ¢ > 0, the continuous control law brings the “sliding variable” to zero with
finite time.

indicates derivative of error, c represents constant

Y2 sign (o) +w (94)
w = bsign (o) (95)

As has been established, ST-SMC is continuous, because both:

u=clo

¢ |o|/? sign (o) (96)
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and:
w= /b sign (o)dt (97)
The controller, “u”, that brings the sliding variable to zero in a finite time is given as:
u = —psign (0) (98)
1
u = —sign (xz + c|x1|2 sign (xl)) (99)

7N

Here, “p”is the positive gain and sufficiently large.
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Figure 6. Flowchart of the proposed PFTCS.

2.4. Design of HFTCS

Both the FDI unit and robust control were utilized in the design of the HFTCS. When
a sensor fails, the FDI unit calculates the estimated value of that sensor with the help of
other healthy sensors. When the AFR value declines from 14.6 to 11.7 due to sensor fault,
then the ST-SMC acts as a robust controller to keep the AFR value at 14.6. The proposed
HFTCS flowchart is given in Figure 7.

The important parameters used in the model are mentioned in Table 1.
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Figure 7. Flowchart for proposed HFTCS.

Table 1. Model Parameters [46,47].

Parameters Values
. 0-1000 rpm
Engine Speed (300 rpm used in this study)
Throttle Sensor Range 0-90 degrees
MAP Sensor Range 0-1 bara
EGO Sensor Range 0-1 volts
Specific heat ratio, 7 1.414

3. Results and Discussion

The Matlab design for the suggested AFTCS components is shown in Figure 8. The
FLC-based observer model was used as an FDI unit to estimate MAP and throttle values.
MAP, EGO, throttle, and speed sensors are all included in this model.
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Figure 8. Matlab diagram of proposed AFTCS.

In the case of a sensor failure, the FDI estimation unit calculates the throttle and MAP
values. The reconfiguration block creates the output based on the estimation of the FLC-
based estimation unit, which is subsequently delivered to the ECU. When a value exceeds
a certain threshold, the system detects a fault, and then the faulty value is updated with the
FLC-based observer’s estimated value. For this simulation, the fuzzy interference system
(FIS) editor is utilized, and for the transformation of input into output, “if...then” rules are
used. The FLC’s response is calculated in Matlab/Simulink. In our research, to compute the
throttle valve estimated value, the value of the MAP sensor was used as an input; similarly,
to calculate the MAP value, the throttle sensor value was utilized as an input.

There were a total of 28 rules made for MAP estimation, and 19 rules built for throttle
estimation, by using the (LTs) sensor data. The MAP input and throttles output membership
functions (MFs) are shown in Figure 9. The MFs for throttle input and MAP output are
given in Figure 10. The analysis for throttle estimation and MAP estimation is given
in Figure 11. We selected triangle MFs because they provide a quick solution to the
optimization problems that arise in fuzzy modeling. Straight lines are used to create the
triangular MFs and these are easily editable. These straight-line MFs have the benefit of
being simple to define and need a small amount of data.

The fault was injected into each sensor one by one with the FIU while the others
sensors remained healthy. Because of the engine’s internal warm-up time, its response was
noticed at a time of 5 s. This result, given in Figure 12, shows that AFR was initially affected,
but it quickly maintained the required ratio due to the FLC-based observer’s estimated
value. In normal conditions, the AFR stays at 14.6 and decreases to 11.7 under faulty
conditions. However, despite decreased performance in faulty situations, the system’s
stability is guaranteed, fulfilling the goal of fault tolerance.

The Matlab diagram for the PFTCS part is represented in Figure 13. An additional fuel
actuator was added to the fuel supply line in this PFTCS design. This fuel actuator takes
the output value of the ST-SMC controller as well as the fuel output, and the output of this
actuator is sent to the ECU.
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Figure 12. Performance of AFTCS.

The fault switch on this actuator is linked to the system’s dashboard. When a fault is
inserted into this actuator, the fuel flow to the engine is stopped.

The performance of the PFTCS in the case of a single sensor fault is shown in Figure 14.
This graph indicates that the system’s behavior was reliable and did not deviate from 14.6
in faulty situations.

These oscillations are generated by an SMC'’s high-frequency switching, which excites
unmolded dynamics in the closed system. ‘Unmolded dynamics’ might be those of sensors
and actuators which were neglected during the main modeling, since they are often much
faster than the main system dynamics.
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Figure 14. Performance of PFTCS.

The Matlab diagram of the proposed HFTCS is illustrated in Figure 15 by merging
both controllers into the original model. The suggested HFTCS model includes both an
FDI unit and an ST-SMC-based AFR robust controller. When faults were inserted one by
one into each of the four sensors, the total performance of the HFTCS was as shown in

Figure 16.
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Figure 16. Overall performance of HFTCS.

The proposed HFTCS was fault-tolerant because the AFR value remained at 14.6. The
suggested HFTCS provides several advantages over the existing models as explained in
the next section.

4. Comparison with Previous Studies

In this section, the suggested design method is compared to other approaches that
have been published. The original fault-tolerant MATLAB model [46] suffers from some
important deficiencies. First, the existing MATLAB model lacks an appropriate FTC struc-
ture due to the absence of a distinct FDI unit. Our model has a suitable AFTCS architecture
with a dedicated FDI unit. Second, the present methodology generates predicted sensor
values from computationally inefficient lookup tables. Finally, the MATLAB model AFR
degrades to 11.7 in faulty conditions, but the proposed model can maintain AFR in faulty
conditions due to the addition of PFTCS using ST-SMC with reduced chattering effects.
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Furthermore, AFTCS design has been studied using a variety of methods, including lin-
ear regression, LTs, the Kalman filter, artificial neural networks (ANNs), FL, and genetic
algorithms (GA) [22-24,48-51]. The high computing costs of LTs, FL, and ANN are one of
the methodologies” drawbacks with active compensation only. Due to the MAP sensor’s
narrow linear range, linear regression and KF were observed limited. To deal with highly
nonlinear incorrect behavior, an enhanced robust control system was required. The HFTCS
was analyzed using a PI controller in the passive part previously that caused excessive
chattering with high misfires. The IC engine’s AFR system’s HFTCS system has never
used this combination before. As a result, the proposed HFTCS provides a new FLC-based
AFTCS for designing the FDI unit, as well as ST-SMC-based PFTCS architecture for masking
faulty values. The performance of the FLC estimates for the AFTCS part is compared in
Tables 2 and 3 [41]. These tables demonstrate that the MSE was minimized with the FL.C
technique for the throttle and MAP sensor estimations.

Table 2. MAP estimation using FLC-based observer [41].

Lookup Table Values FLC Values Error MSE
0.091 0.10 —0.009 4.05 x 107>
0.113 0.11 0.003 45 x 107°
0.190 0.19 0 0
0.329 0.33 —0.001 5x 1077
0.545 0.54 0.005 1.25 x 107>
0.745 0.74 0.005 1.25 x 1075
0.857 0.85 0.007 2.45 x 1072
0.915 0.91 0.005 1.25 x 1075
0.946 0.94 0.006 1.8 x 1075
0.964 0.96 0.004 8 x107°
0.975 0.97 0.005 1.25 x 1075
0.985 0.99 —0.005 1.25 x 107>
0.994 0.99 0.004 8 x 1070
0.997 0.99 0.007 245 x 107°
0.998 0.99 0.008 32 x 107
0.999 0.99 0.009 4.05 x 1075
0.999 0.99 0.009 4.05 x 1075

There are fewer advantages to single controllers than there are to hybrid controllers.
Soft computing methods and fast processing speeds are further advantages that come with
hybrid controllers. An FDI unit and a robust feedback controller were combined to produce
a model for an ICE that is easier to utilize in both online and offline fault management.
The model’s implementation is quite easy compared to other techniques. The proposed
HFTCS for ICEs was developed here due to all of these factors. A detailed comparison of
the proposed approach with previously used approaches is provided in Table 4.
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Table 3. Throttle estimation using FLC-based observer [41].

LT Values FLC Values Error MSE

0 0.5 —05 1.25 x 1071
1.979 2.25 —-0.271 3.6 x 1072
4.686 45 0.186 1.7 x 1072
6.258 6.25 0.008 32 %1075
7.471 7.5 —0.029 42 x107*
8.482 8.5 —-0.018 1.6 x 10*
9.357 9.25 0.107 5.7 x 1073
10.163 10 0.163 1.3 x 1072
10.824 10.75 0.074 2.7 x 1073
11.452 11.5 —0.048 1.1 x 1073
12.061 12 0.061 1.8 x 1073
12.70 12.70 0 0
13.402 13.5 —0.098 48 x 1073
14.187 14.25 —0.063 1.9 x 1073
15.107 15.25 —0.143 1x10°2
16.24 16.24 0 0
17.754 18 —0.246 3 x 1072

Table 4. Comparison of suggested approach with previous works [22-24,41,48-51].

Name of Controller Major Drawback Chattering Reduction Degree of Robustness Response Against Noise
Proposed HFTCS B Eliminates chattering High and takes less time Best for noisy systems
effect to respond
HFTCS bas.ed on Kalman Linear range of sensors Does not el¥mmate Moderate High misfiring observed
Filter chattering
HFTCS based on GA and Oscillations in AFR . . s
HOSMC transient response Better High High misfiring observed
AFTCS based on ANN Comprises active part onl Does not eliminate Unknown duration for Hieh misfiring observed
and FLC P P y chattering handling faults & &
AFTCS based on GA Comprises active part onl Does not eliminate Unknown duration for High misfiring observed
P P y chattering handling faults & &
AFTCS based on Linear Linear range of sensors Does not el%mmate Not a robust technique High misfiring observed
Regression chattering

5. Conclusions

The HFTCS was proposed in this research for AFR control of IC engines using an
FLC-based FDI unit in the active part to give approximated values to the controller during
the sensor faults. An ST-SMC was developed as a passive part to adjust AFR in faulty
scenarios by additionally adding the throttle actuator valve in the fuel supply line. The
suggested HFTCS was designed in the available model of Matlab/Simulink to assure the
reliability of an ICE. To examine the robustness of the novel HFTCS, faults were introduced
into the sensors one by one. The results of the simulation indicate that the suggested system
was stable and retained the desired AFR even when it was faulty. In faulty situations, it
also maintained the AFR at 14.6 without any degradation, and a comparison with previous
studies was also carried out to elaborate the benefits of the proposed HFTCS.

Future research might incorporate using a neuro-fuzzy system-based observer to cover
the complete non-linear range of MAP while dealing with sensors” and actuators’ partial
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faults with hardware-in-the-loop verifications. Integral sliding mode control (ISMC), a more
advanced SMC method, can also be employed to improve robustness and performance.
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Abbreviations

Abbreviation Explanation

FTC Fault-Tolerant Control

ICE Internal Combustion Engine

HFTCS Hybrid Fault-Tolerant Control System
MAP Manifold Absolute Pressure

MF Membership Function

FDI Fault Detection and Isolation

AFR Air—fuel Ratio Control

FIU Fault Injection Unit

MPC Model Predictive Controller

LT Lookup Table

ECU Engine Control Unit

FIS Fuzzy Inference System

PFTCS Passive Fault-Tolerant Control System
EGO Exhaust Gas Oxygen

AFTCS Active Fault-Tolerant Control System
FLC Fuzzy Logic Control

ca Compression-Ignition

PID Proportional Integral and Derivative
SI Spark Ignition

CcI Compression-Ignition

FL Fuzzy Logic

ISMC Integral Sliding Mode Control

SMC Sliding Mode Control

ST-SMC Super Twisting Sliding Mode Control
Variable Description of Variable

Mgiy Mass of Air

v Estimated Output

Ty Manifold Input Air Temperature

U Vapor Fuel Flow

Vi Manifold Input Air Volume

Ya Desired Output

mey; Mass Flow into Cylinders

w/B Parameters of Engine

N, Engine Speed
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