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ABSTRACT

This thesis is study of air to fuel ratio (AFR) regulation for spark ignition engines.
With the engine model, a mean value engine model (MVEM) is utilized. For realistic
operations of throttle valve, the MVEM is improved on static discharge coefficient to
dynamic discharge coefficient. Moreover, the throttle operations are added a
disturbance signal by chaotic generator. The AFR control strategy is designed by using a
discrete fuzzy PI algorithm, which provides easy tuning, robustness and rapid
development with a simple architecture. Results and Performance index (J) of fuel
regulation are presented by computer simulation and standard evolution criteria
respectively. Experimental results reveal validity of the model. Performance tests also
reveal that the fuzzy Pl controller outperforms the others in comparison.
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Chapter 1

Introduction

1.1 Background

In basic public transportations and private transportations, many vehicles can be
moved by thermal power using closed systems. Such the systems are motor cycles,
boats, cars, trains, and aircrafts. The closed system is called internal combustion
engine became it can generate driving torques by combustion of air and fuel. After
the air and fuel are fired, they are transformed to exhaust out to environment.
Consequently, bad pollutions are clouded. Note that this is a problem. Typically, the
driving powers are generated by amount of air and amount of fuel inside combustion
chamber as a regular variation form. This implies that if there are more amount of air
and amount of fuel then more driving power is required. Conversely, less amount of
air and less amount of fuel yields less driving power. Since fuel economy topic is
highly impact thus designs of engine and engine controller are challenging. Note that
this is a challenging problem as well. As the problems, amount of air and amount of
fuel are especially focused; hence, air to fuel ratio (AFR) regulation is remarked. For
various fuels namely gasoline, natural gas vehicle (NGV), liquid petroleum gas (LPG)
and others are shown the AFR ratio in Appendix E.

1.2 Objectives
The objectives of this research are:
(1) to establish combustion engine model for computer simulation;
(2) to simulate the air to fuel ratio control by using various controllers;
(3) to simulate an air regulator control by using various controllers;
(4) to verify validity of (1), (2), and (3) by experiment.

1.3 Literature review

As the reasons in Subsection 1.1, several AFR feedback algorithms have been
proposed for controlling AFR. The basic observer-based controller using state variable
technique is presented in [1,2], To improve amount of air mass in transient state, a
nonlinear steady state fuelling controller is described in [3,4]. Gaeta et al [5] has
recently proposed a control strategy incorporating a feedforward controller, inner
feedback Pl model-based controller, and Smith predictor. Comparison on Pl

controller, PID controller and sliding mode controller is simulated in [6]). Choi and



Hedrick [7] developed an observer-based fuel injection control algorithm using sliding
mode strategy. Wang and Yu [8] improved Choi and Hedrick’s algorithm by
introducing the second-order sliding mode control with an RBF neural network for
gain adjustment. However, these strategies might cause a chattering problem. For
improvement, Wang et al. [9] proposed an adaptive neural network strategy, which
employed a radial basis function (RBF) network type, together with the recursive k-
means and recursive least-squares algorithms for training the network. Wang and Yu
[10] also proposed a parameter estimation for dynamic sliding mode control (DSMC)
by using an adaptive radial basis function network strategy. However, these neural
network algorithms are too complicated to embed into a microcontroller and the
physical meaning of each parameter might not be clear enough.

In addition, for air regulation, it is also called electronic throttle valve. The
electronic throttle control strategies to control the ETV have three approaches stand
out: a conventional proportional-integral-derivative  (PID) controller  with
compensators, a sliding mode control, and a neural network control. Of the first
scenario, Deur et al proposed a PID controller with the nonlinear friction and limp-
home compensators [11]. Pavkovic et al improved Deur’s work with adaptive strategy
for auto-tuning the PID controller gains [12]. Mercorelli implemented a real—;ime self-
tuning of an approximated proportional-derivative (PD) regulator for the tracking error
caused by inexact feedback linearization [13]. Grepl and Lee studied the four models
of controllers each with a spring compensator, a model-based friction compensator,
a smooth-sliding mode friction compensator, and PID controller [14]. Recently, Corno
et al presented an adaptive control using gain-scheduled approach for PID controller
to control a pair of ETV of the racing motorcycles [15].

Of the second scenario, Baric et al employed a sliding mode controller to achieve a
tracking of smooth reference signal and estimated the parameters of ETV using the
neural network approach [16]. Reichhartinger and Horn proposed a control scheme,
which consists of a twisting algorithm and a super-twisting algorithm, both of which
are based on second-order sliding mode concept [17]. Moreover, the sliding mode
strategy has been chosen to estimate an angle velocity and a motor current for
variable-structure controller [18].

For the last scenario, in more recent years to identify the ETV model, the neuro-
computing has been used. Yuan et al proposed an adaptive inverse model control
system that employs two radial basis functions for both a model regulation and a
model identifier [19]). In another work of Yuan et al, a fuzzy neural network controller



and a neural network identifier based on back propagation algorithm are proposed in
f201.

1.4 Research scope

(1) The combustion engine model is established based on thermodynamic
principle and mechanical design.

(2) MATLAB/SIMULINK is utilized to simulate the performance of model.

Referring to the several AFR feedback algorithms in Section 1.3, however, existing
literature have not been investigated on controlling AFR with a simple fuzzy Pl
structure well-designed in [21, 22]. A fuzzy PI controller proposed in Ref [21, 22] has
been thoroughly proved and well-understood many years ago due to its simple
structure, easy tuning, excellent tracking performance, and high robustness.

(3) The discrete fuzzy Pl control is used for air to fuel ratio regulation in
computer simulation.

(4) The air regulator or called electronic throttle valve is employed for computer
simulation and real experiment by using various controllers: discrete Pi controller,
discrete PD controller, discrete PID controller, discrete PD+l controller, discrete PID
with anti-windup controller, discrete fuzzy Pl with anti-windup controller as well as

sliding mode controller.

1.5 Dissertation outline

Chapter 2 details the mathematical modeling of both an internal combustion
engine and an electronic throttle body. The internal combustion engine is described
by the mean value engine model (MVEM); then, the MVEM remarks systems upon: air,
fuel, temperature, pressure, torque, speed and sensor. The electronic throttle valve
(ETV) is also presented as mathematical model.

Chapter 3 discusses the simple controls namely proportional integral derivative
(PID) control, fuzzy control and sliding mode control (SMC). The PID is a classical
control that widely used in various industries. The fuzzy logic and fuzzy system are
well known in the area of Artificial intelligence, expert system as well as granular
computing for computer science, computer engineering and control engineering. The
SMC is one approach in a set of robust control strategies that need exact process
model as well.

Chapter 4 presents air to fuel ratio regulation of spark ignition engine by
computer simulation. The MVEM is used for a mathematical engine model that
consists of various components a throttle plate, intake pipe, injector, combustion



chamber, crankshaft and exhaust oxygen sensor. The discrete fuzzy Pl controller is
used for regulator. For robustness tests, the chaotic signals are injected to disturb
both throttle degree and engine speed of the systems.

Chapter 5 presents electronic throttle control by computer simulation. The ETV
mathematical model that consists of dynamic parts is remarked. The discrete PID,
discrete fuzzy Pl and SMC-ERL schemes are employed to control the throttle degree.
For robustness tests, the disturbance signal is added to disturb feedback position of
the ETV.

In Chapter 6, from mathematical model, computer simulation, controller design
and parameter tuning knowledge of electronic throttle valve as described in Chapter
5, this chapter presents ETV control in experiment.

Chapter 7 gives conclusion of Chapters 2-6.



Chapter 2
Process Model

2.1 Introduction

Currently, for more convenience on pre-design process in automotive
engineering, many vehicle parts are computerized machine. This chapter details the
mathematical modeling of both an internal combustion engine and an electronic
throttle body. The internal combustion engine is described by the mean value engine
model (MVEM); then, the MVEM remarks systems upon: air, fuel, temperature,
pressure, torque, speed and sensor. The model is following Section 2.2.

Section 2.3 moves to other vehicle part namely an electronic throttle valve
(ETV). The ETV is one important that is placed on the air system to regulate air mass
flow. It consists of three dynamic elements: a direct-current (dc) motor, a gear train
box, and a return spring. From the elements, a numerous load torque is occurred
such as static friction, column friction and spring load torque. Therefore, performing
of ETV is based on nonlinear behavior.

2.2 Engine Model

The MVEM is a mathematical engine model of single cylinder system and
consists of various components such as throttle valve, intake pipe, injector,
combustion chamber, crankshaft, exhaust pipe and exhaust oxygen sensor. They are
shown in Fig. 2.1. The details for each subsystem are described in Section 2.2.1-2.2.7.
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Fig. 2.1 The internal combustion system



2.2.1 Air Flow
In spark ignition engines, air is an essential compound for the internal
combustion process. The air flow system directly influences the engine performance,
i.e., the power, torque, speed and low emission, as detailed below. For the sake of
convenience, the mathematical notation appeared in the equations used throughout

this research is listed in the nomenclature page.

2.2.2 Area of throttle
A throttle plate is an air-flowing valve separating a filter side and an intake side.
The throttle provides a flow area for an amount of air into the intake manifold. The
flow area can be adjusted by a throttle angle and can be expressed by [23]

A, ()= 7;2)2 (1— cosa )+—D—2{

cos &, 2

- =4 sin-'(k°°5“°)—k(1—k2)”2 +sin” k} (2.1)
cos &, coso

/2
(cos? a — &? cos? aoy
cosa

2.2.3 Mass of air after the throttle
After the throttle plate opens, the air in front of the throttle can pass into an
intake manifold. To calculate the volume of the passing air, a differential equation
has been used [3, 23]. The air mass flow rate can be described by the relationship
among the area of the throttle, discharge coefficient, pressure in the front of the
throttle, intake manifold pressure, temperature in front of the throttle, gas constant,

and specific heat ratio, as

1/2 2/y (7+l)/7 1/2
alir N
JRT, \y-1 Po Do

According to the experiment in [24], we use a linear regression method to establish a
formula for the dynamic discharge coefficient. The formula is described by the third-

order polynomial as

3 2
C,p,Py=—147 2| +1.06 2| —021 £ | +1.01 (2.3)
P P P

0 0 [



Note that extant literatures do not clearly describe the dynamic behaviors of the air
passing through the throttle. This discharge coefficient is now explicitly described in
our work as shown in Eq. (2.3).

2.2.4 Volumetric efficiency
The volumetric éfﬁciency is a necessary parameter used in a four-stroke engine
[23, 25). It is a ratio between the actual mass of the air flowing into the cylinder and
the mass of the air given on theoretical volume. Ideally, the volumetric efficiency is
defined as a function of the following variables: the mass of air, pressure in front of
the throttle, intake manifold pressure, exhaust pressure, temperature at front of the
throttle, intake manifold temperature, specific heat ratio, cylinder ratio, and fuel to air

ratio [26]
SRR ) e D

2.2.5 Intake manifold density
The intake manifold density, p,;, is one important parameter greatly influencing

the mass of air passing into the cylinder. The density can be expressed by

D;
=P 2.5
Pai RT (2.5)
, where
. RT . n,NV,p;
=iy i 2.6
Pr =y e =00y, 2.6)

From Egs. (2), (4) and (6), for the air flow system, an actual amount of air passing into

the cylinder can be calculated by

: — nvNVdpai 2 7
M ="3(60) @7



2.2.6 Fuel Flow
A fuel injector is an electromechanical device electrically controlled to activate
a solenoid valve. An amount of fuel injected into the intake manifold can be
expressed by
m, = K, —1,) (2.8)

In Eq. (2.8), the injected time (t,"j) is dynamic behavior because it is calculated from
various speeds of engine by the electronic control unit (ECU). The response time of

the solenoid(f,) represents a mechanical delay and is a small constant about

microseconds [1]. After the fuel is injected, the fuelling dynamic process begins [1,
3,28].The simplest fuel-film-flow model of the MVEM depicted in Fig. 2.2 can be
described by

iy = (- riv + X, (29)
Ty

i, =(1- X, (2.9.1)

th, =1, + 1, (2.9.2)

where 7, is the time constant of fuel evaporation. The term X is a fraction of the

injected fuel, which is deposited on both the intake manifold wall and the inlet

valve.

Fig. 2.2 Fuel film description

After the inlet valve is closed, the actual air to fuel ratio inside the cylinder can be

calculated by using



A F =D (2.10)
my
, and the lambda input can be calculated simultaneously by using
A
A= /¥ (2.11).
(4/F),

The relationship between the actual and measured lambdas is provided by the

following transfer function [26]
Ae

1

7,s+1

(2.12)

nr

Note that s is the complex variable written in frequency domain fashion, _is the
time constant of the oxygen sensor, and 7, is the transport delay between the

injector and the exhaust gas oxygen sensor. Hence, the transfer function is specific to
the first-order pulse dynamic dead time (FOPDDT) system [1,28,29].

2.2.7 Crankshaft
Since the output of the system is the engine speed, we first need to calculate
the crankshaft velocity. To start with, the work of the crankshaft system depends on
the relationship between the pressure and torque [23-25, 30-32]. The crankshaft
velocity can be calculated by an integral of the resutting torque divided by the
engine inertia [33], and can be expressed by

. 1
o=\ {r.-1,-1,-1) @13

eng

where @ is the engine speed, T.is the combustion torque after sparks, T,is the
friction torque while the piston moves up and down, T, is the pumping torque , Tjis

the load torque and J, is the engine inertia. In other words, the crankshaft velocity

eng

can be explained by using the pressure term or the mean effective pressure term as

o1 [Vd(imep—wnep)_T,] (2.14)
I eng 4r
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where imep is the net indicated mean effective pressure for a four-stroke engine
without a supercharger, and it is a result of subtraction between the gross indicate
mean effective pressure (¢gmep) and pumping indicate mean effective pressure
(pmep). We now have

imep = gmep — pmep (2.15)
and the imep can then be computed by

1207, /O, min (’1’1)
V,N

where 7,is the fuel conversion efficiency, O, is the fuel low heat value and 1, is

imep = (2.16)

the fuel mass flow rate. The first and second parameters are strongly related to a fuel
type. tfmap is the friction mean effective pressure and it is also a result of summation
between the mechanical friction mean effective pressure (mfmep) and accessory

mean effective pressure (afmep). Here tfmap is defined as
tfmep = mfimep + amep (2.17)

The variables and effects used for calculation of tfmep are as follows. The
mechanical friction mean effective pressure is related to the journal-bearing friction,
piston and rings friction, and valve train friction. The journal-bearing friction is highly
dependent on the viscosity and cleanness of engine oil. The piston and rings friction
is caused by scratch between the piston skirt and the ring pack with the cylinder
bore. The valve train friction arises from three parts: the overhead camshaft, the pivot
rockers and the valve components. The accessory mean effective pressure involves
oil pump, water pump and non-charging alternator friction. Combining all these
effects, the friction-mean effective pressure can be written as a function of the engine

speed as

N N Y
=0.97+0.15 -2 |+ 0.05 —— (2.18)
timep (1000) (1000)

Finally, the formula for the engine speed can be written as
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N = {60@@1&” /27[ (2.19)

2.3 Electronic Throttle Valve

With reference to [8, 34], an electronic throttle valve (ETV) consists of three
dynamic elements: a direct-current (dc) motor, a gear train box, and a return spring,
all of which are of greatest influence upon design of a precise control algorithm. The
ETV structure is shown in Fig. 2.3. The dc motor is a torque transducer that converts

electric energy into mechanical energy. Its mathematical model can be described as:

0=Vi,-VL,-VR, -V, (2.20)
Vi, ~V,=L,% iR, (2.21)
dat

V; = Kemja)m (222)

T, =K,i, (2.23)

0=7;n—Th—?::pp—TL (224)

79 1T (2.25)
dt

where ¥ is a input control voltage, 7, a dc motor armature current, L, a dc motor
armature inductance, R, a dc motor armature resistance, ¥, a back-emf voltage, w,, a
rotor angular velocity, K, .
motor torque determined by its current, 7, a viscous-friction torque, 7, a applied

a back-emf constant, K, a motor torque constant,7,, a

torque, 7, a load torque due to the air mass flow force, and J,, a rotor inertia.

Air

ARA

Throttée Plale

Return

Wi

Intake Manifold

(eensimssnem]

Fig. 2.3 Structure of electronic throttle valve

Of the second part, after the motor has been spun, the gear train box is
employed to transmit the motor torque to open a throttle plate. Simultaneously, the
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gear train box has generated the backlash nonlinear behavior, transmission friction as
well as throttle plate friction. Several frictions can be explained in terms of physics
based on a friction model of the LuGre model [8, 11, 12 and 34]. The model is based

on dynamic behavior as expressed below:

T, =0.z+02+0,0, (2.26)
. 00| |

z= wm (227)
2lo,)

g(w )= F, +(F, - F et (2.28)

where T, is friction torque, and ¢, and o, represent dynamic friction parameters as
asperity stiffness and damping coefficients, o, is a viscous friction, z is an internal
state of friction that is a function of angular velocity(w, ), a Coulomb friction(F;), a
static friction(F,), and the Stribeck velocity (w,). Note that the static friction is higher
than Coulomb friction. While the ETV is performed, the most load torque is a spring
torque. Therefore, the damping coefficient 0,2 and the viscous friction o,0, are

neglected. In addition, the Stribeck friction model can be defined the Coulomb
friction curve as F,=F, and the LuGre friction model is reduced to the Dahl friction

model as
T, =0,z (2.29)
glw,)=F (2.30)
1)
i=o, _ion], (2.31)
, take derivative on (2.29)
T, =0,z (2.32)
, give z in (2.32) by (2.31)
T, = 0'0(60", —ﬁ’lailz) (2.33)
F,
, give o,z in (2.33) by (2.29)
r wm
T, = o-o(mm -|F—'TfJ (2.34)

, and also its characteristic is shown in fig. 2.4.
Of the last part, the return spring, to avoid damage in a car accident or lack of
control, the throttle plate is extremely forced into closed position; hence, the return
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spring torque (T,,,) is enormous. The return spring torque is computed from both static
stiffness torque (K,) and throttle opened torque; also, its characteristic is shown in Fig.

2.5. The torque can be described as:
T, =K,(0-6,)+K,s;(0-6,) ‘ (2.35)

where K, is torsion stiffness torque.

2
v 1 pe—
)
4
o]
l._
c O
Q
kY
W o pr—
-2
-2 -1 0 1 2
Angular Velocity

Fig. 2.4 A nonlinear characteristic of Dahl friction

Fig. 2.5 A nonlinear characteristic of return spring

2.4 Summary

For the first step in analyzing, designing and controller tuning, mathematical
modeling is an important significantly. Equations mentioned in Section 2.2 will be
used as the plant model for computer simulation in Chapter 4. The equations
mentioned in Section 2.3 will be used in Chapter 5.



Chapter 3
Control Strategies

3.1 Introduction

This chapter now presents the simple controls namely proportional integral
derivative (PID) control, fuzzy control and sliding mode control (SMC). The PID is a
classical control that widely used in various industries. The fuzzy logic and fuzzy
system are well known in the area of Artificial intelligence, expert system as well as
granular computing for computer science, computer engineering and control
engineering. In this chapter, the control engineering is selected. Also, the SMC is one
approach in a set of robust control strategies that need exact process model.

For this chapter organization, in Section 3.2, the first topic, a classical PID on
frequency model is mentioned and discrete model is transformed by using a
backward approximation method. In Section 3.3, Design of discrete fuzzy Pl controller
is described such as two inputs and an output membership function for fuzzification,
four rules for fuzzy interference, a center of area calculation for defuzzification and
ten increment control outputs. Section 3.4, the SMC based on exponential reaching
law is described. Section 3.5, two fitness functions, an integral absolute error (IAE) and
an integral square error (ISE) are employed to compute a performance index of

controller.
3.2 Discrete PID Controller

To begin with, considering of a control action of a typical PID controtler

described in the frequency domain by

U,p(s) = K(1+—l—+sthE(s) (3.1)

st,

where K is the controller gain, t; the integral time, t, the derivative time, and E(s) error
signal. To transform the analog PID controller to a discrete version, a backward

approximation method [29] is employed:

s= (3.2)

, to obtain
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Upp(2)= K(] + %(T—T?) +(1_;-l )’4 Je(z) (3.3)
Upp (2) ( 1 +1<( ))e(z) (3.4)
Up(2)= ( Ji-27)+k, +K.,)(] - Ni- z')}(z) (35)
Upp@l-27")={K, (-2 )+ K, + K (-2 N1 -2 Jle(z) (3.6)
U@l -27)={K, (- 27 )+ K, + K, (- 227 + 2)}e(z) (3.7)

Upp (KT)=U,p, (kT-1)= K, {e(KT)-e(kT-1)}
+ K {e(KT)}+ K, {e(KT)—2e(KT ~1)+e(KT-2)]  (3.8)

AUy (KT) = K fe(KT) T~ 1)} + K fel T}
+ K, {e(KT)~2e(KT —1)+e(KT - 2)} (3.9)

where K is a proportional gain, K;=KT/2¢, is an integral gain and K, =Kt, /T'is

a derivative gain.

,.(k;_)fc)(. (k) :
ylkt
>
.

Fig. 3.1 The discrete PID control scheme.

3.3 Discrete Fuzzy Pl Controller

This section introduces a brief review of the discrete fuzzy Pl control in [21, 22]
that has been proved to have superior performance over the classical PID one.
Similarly, to start with, a typical PID controller described in Eq. (3.1) as

U,, (s) K(l+$+st ]E(s) (3.10)

i
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For PI control, let t4 = 0. To transform the analog PI controller to a discrete version, a

bilinear approximation method [29] is employed:

2{1-z"

== 3.11

° TQ0+z" 31D

to obtain

_ 1{7 (1 +z7
UPI (z)—_K(1+Z[;mJJE(Z) (312)
with simple algebra and taking inverse z-transform, we arrive at the incremental
control
0, )={ e o) 313
U, ()= (K,,(l - z(-‘)+ Kj(l +Z—I)JE(Z) (3.14)
" 1—-z"

U, (z)(l ~z”'): {Kp(l—z")+ K,.(l +z")}E(z) (3.15)
Uy (KT)-U,, (KT -1)= K, {e(KT)— e(KT - 1)} + K, {e(KT) + e(KT - 1)} (3.16)
AU, (kT) =K, {e(kT)—e(kT~T)}+ K, {e(kT)+e (kT -T)} (3.17)

where K | is a proportional gain and K;=KT/2t is an integral gain. The system
represented by Eq. (3.17) can be illustrated by Fig. 3.2.

Fig. 3.2 The discrete PI control scheme

In designing a simple discrete fuzzy Pl controller, a fuzzy decision block with

fuzzy gains K, is simply added into the conventional one in Fig. 3.2 to obtain the

fuzzy version in Fig. 3.3. The discrete fuzzy P! controller is derived by using an error



This material is reserved for educational use only, not allowed for commercial use.

Forbidden to modify the content, and cite the document when use.



This material is reserved for educational use only, not allowed for commercial use.

Forbidden to modify the content, and cite the document when use.



This material is reserved for educational use only, not allowed for commercial use.

Forbidden to modify the content, and cite the document when use.



This material is reserved for educational use only, not allowed for commercial use.

Forbidden to modify the content, and cite the document when use.



This material is reserved for educational use only, not allowed for commercial use.

Forbidden to modify the content, and cite the document when use.



This material is reserved for educational use only, not allowed for commercial use.

Forbidden to modify the content, and cite the document when use.



This material is reserved for educational use only, not allowed for commercial use.

Forbidden to modify the content, and cite the document when use.



This material is reserved for educational use only, not allowed for commercial use.

Forbidden to modify the content, and cite the document when use.



This material is reserved for educational use only, not allowed for commercial use.

Forbidden to modify the content, and cite the document when use.



This material is reserved for educational use only, not allowed for commercial use.

Forbidden to modify the content, and cite the document when use.



This material is reserved for educational use only, not allowed for commercial use.

Forbidden to modify the content, and cite the document when use.



This material is reserved for educational use only, not allowed for commercial use.

Forbidden to modify the content, and cite the document when use.



This material is reserved for educational use only, not allowed for commercial use.

Forbidden to modify the content, and cite the document when use.



This material is reserved for educational use only, not allowed for commercial use.

Forbidden to modify the content, and cite the document when use.



This material is reserved for educational use only, not allowed for commercial use.

Forbidden to modify the content, and cite the document when use.



This material is reserved for educational use only, not allowed for commercial use.

Forbidden to modify the content, and cite the document when use.



This material is reserved for educational use only, not allowed for commercial use.

Forbidden to modify the content, and cite the document when use.



This material is reserved for educational use only, not allowed for commercial use.

Forbidden to modify the content, and cite the document when use.



This material is reserved for educational use only, not allowed for commercial use.

Forbidden to modify the content, and cite the document when use.



This material is reserved for educational use only, not allowed for commercial use.

Forbidden to modify the content, and cite the document when use.



This material is reserved for educational use only, not allowed for commercial use.

Forbidden to modify the content, and cite the document when use.



This material is reserved for educational use only, not allowed for commercial use.

Forbidden to modify the content, and cite the document when use.



This material is reserved for educational use only, not allowed for commercial use.

Forbidden to modify the content, and cite the document when use.



This material is reserved for educational use only, not allowed for commercial use.

Forbidden to modify the content, and cite the document when use.



This material is reserved for educational use only, not allowed for commercial use.

Forbidden to modify the content, and cite the document when use.



This material is reserved for educational use only, not allowed for commercial use.

Forbidden to modify the content, and cite the document when use.



This material is reserved for educational use only, not allowed for commercial use.

Forbidden to modify the content, and cite the document when use.



This material is reserved for educational use only, not allowed for commercial use.

Forbidden to modify the content, and cite the document when use.



This material is reserved for educational use only, not allowed for commercial use.

Forbidden to modify the content, and cite the document when use.



This material is reserved for educational use only, not allowed for commercial use.

Forbidden to modify the content, and cite the document when use.



This material is reserved for educational use only, not allowed for commercial use.

Forbidden to modify the content, and cite the document when use.



This material is reserved for educational use only, not allowed for commercial use.

Forbidden to modify the content, and cite the document when use.



49

$4 84 34
2o /A NI fg AN Ngl [N
N IVARRE N AVAWA N
g2/ HFEAVERV/E} B

o
n
-
o

10 20 10 20
(a) (b) : (c)

o
o

Fig. 6.4 The throttle inputs for experimentation

6.3 Control Results

This section presents results of ETV control in detail as degree response. With
the result, y-axis is a throttle degree in voltage level. The relationship between
throttle degree and voltage level is 0 to 90 degrees equal 0 to 4.3 V. X-axis is

operation time.
6.3.1 Proportional-Integral-Derivative (PID) strategy

In this subsection, the discrete PID controller is implemented. Figures 6.5 and
6.6 are tracking responses but Figure 6.7 is transient response. Figure 6.5 reveals that
the response of step up is greater than step down, and the reponse is closed to
referent input during 10 s to 15 s. Figure 6.6 reveals that the response can be tracked
with referrence intput but it has offset state at both maximum and minimun of
reference input. For transient response, Figure 6.6 presents that every step up of
referenc input; the responses have 6.4 degrees overshoot and 0.5 s settling time.
Similarly, every step down, the responses have 8.3 degrees undershoot and 0.5 s

settling time.
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Fig. 6.5 Ramp-step response of PID controller
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Fig. 6.6 Sine-step response of PID controller
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Fig. 6.7 Multi-step response of PID controller

6.3.2 Proportional-Integral-Derivative with anti-windup strategy

This subsection presents the discrete PID controller in previous operate with an
anti-windup module, its shcematic is depicted in below.

(k). elk) .

ykr)|

—> u(t)

. 20)

Fig. 6.8 The discrete PID control with anti-windup scheme

Figures 6.9 and 6.10 are tracking response that can be tracked with referrence intput
but offset states are occurred at both maximum and minimun of reference input as
Fig. 6.10. For transient response, Figure 6.11 presents that every step up of referenc
input and the responses have no overshoot and 0.5 s settling time. Similarly, every
step down, the responses have no degrees undershoot and 0.5 s settling time.
Therefore, the added anti-windup can decrease overshoots and undershoots

~ effectively.
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Fig. 6.9 Ramp-step response of PID-AW controller
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Fig. 6.10 Sine-step response of PID-AW controller
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Fig. 6.11 Multi-step response of PID-AW controller
6.3.3 Fuzzy-Pl with anti-windup strategy

In this subsection, the discrete fuzzy Pl controller as in Chapter 3 with the anti-
windup as in Subsection 6.3.2 is implemented. For the resultes of tracking responce
is illustrated in Figs 6.12-6.13, there are effective alike with both previous controllers.
But, transient responses about setteling time, the discrete fuzzy P! controller
outperforms effectively than those counterparts as shown in Fig. 6.14.
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Fig. 6.12 Ramp-step response of fuzzy PI-AW controller
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Fig. 6.13 Sine-step response of fuzzy PI-AW controller
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Fig. 6.14 Multi-step response of fuzzy PI-AW controller
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6.3.4 Sliding Mode Control using Exponential Reaching Law

This is a final subsection, the SMC-ELR controller is implemented. With the
whole results of responses, offet states are occurred. There are 5.2 degrees for ramp
step up, 5.0 degrees for ramp step down, 5.3 degrees for sine step up, 4.3 degrees
for sine step down, 2.0 degrees for multi step up and 2.5 degrees for multi step
down. Figure 6.17 presents that overshoot is 4.18 degrees and undershoot is 10.4

degrees.
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Fig. 6.15 Ramp-step response of SMC-ERL controller
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Fig. 6.16 Sine-step response of SMC-ERL controller
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Fig. 6.17 Multi-step response of SMC-ERL controller



6.4 Summary

This chapter presents the electronic throttle control in experiment that utilizes
four control algorithms namely PID, PID-AW, fuzzy PI-AW and SMC-ERL. They are
implemented into a 16-bits microcontroller. The performances of each controller are
indicated in Table 6.1. In comparison FPI-AW controller is the best one. For average

performance indices of controls in experiment, the readers are referred to Appendix

57

G.
Table 6.1 Performance indices of controls in experiment
Acceleration Controller IAE ISE OV Max Settling
(Degree) (Degree) (Degree) | Time Max
(Second)
Ramp step PID 0.7741 0.0369 0 -
PID-AW 0.895 0.0524 0 -
FPI-AW 0.6989 0.0299 0 -
SMC-ERL 3.7808 0.7261 0 Off set
Sine step PID 1.3518 0.1199 0 -
PID-AW 1.4311 0.1261 0 -
FPI-AW 1.1468 0.0757 0 -
SMC-ERL 4.7607 1.1461 0 Off set
Multi step PID 0.8931 0.2215 0.6318 0.93
PID-AW 1.1291 0.3221 0 0.81
FPI-AW 0.9533 0.1529 0 0.72
SMC-ERL 1.809 0.441 0.6671 Off set




Chapter 7
Conclusions

This research deals with computer simulation and experiment of car engine and
air to fuel ratio regulator. The car engine is such a spark ignition engine that describes
as a mean value engine model. The air to fuel ratio regulator is based on control
algorithm for example a discrete fuzzy Pl controller. With the car engine model, a
dynamic discharge coefficient and chaotic disturbance signal are proposed. The
includes control of spark ignition engine such as air to fuel ratio, control signal of
controller, air mass, fuel mass, volumetric efficiency, intake manifold pressure,
indicated torque, friction torque and engine speed. The proposed discrete fuzzy Pl
controller can guarantee the spark ignition model and stoichiometric ratio. According
to the experiment as shown by average performance indices, the FPI-AW outperforms
the others control schemes.



(1]

(2]

(3]

(4]

(5]

(6]

(7]

(8]

(9]

[10]

References

C. F. Chang, N. P. Fekete, A. Amstutz and J. D. Powell, “Air-Fuel Ratio Control
Spark-Ignition Engines Using Estimation Theory,” IEEE Transactions on Control
Systems Technology, Vol. 3, No.1, MAR 1995, pp. 22-30.

J. D. Powell, N. P. Fekete and C. F. Chang, “Observer-Based Air-Fuel Ratio
Control,” IEEE Control System Magazine, 1998, pp. 83.

M. A. Franchek, J. Mohrfeld and A. Osburn, “Transient Fueling Controller
Identification for Spark lgnition Engines,” ASME Journal of Dynamic System
Measurement and Control, Vol.128, No. 3, SEP 2006, pp. 499-509.

A. W. Osburn and M. A. Franchek, “Transient Air/Fuel Ratio Controller
Identification Using Repetitive Control,” ASME Journal of Dynamic System
Measurement and Control, Vol.126, No. 4, DEC 2004, pp. 781-789.

A. D. Gaeta, U. Montanaro and V. Giglio, “Model-Based Control of the Air Fuel
Ratio for Gasoline Direct Injection Engines via Advanced Co-Simulation: An
Approach to Reduce the Development Cycle of Engine Control Systems,”
ASME Journal of Dynamic System Measurement and Control, Vol. 133, No. 6,
NOV 2011, pp. 1-17.

J. R. Wagner, D. M. Dawson, and L. Zeyu, “Nonlinear Air-to-Fuel Ratio and

n

Engine Speed Control for Hybird Vehicles,” IEEE Transactions on Vehicular
Technology, Vol. 52, No.1, JAN 2003, pp. 184-195.

S. B. Choi and J. K. Hendrick, “An Observer-Based Controller Design Method
for Improving Air/Fuel Characteristics of Spark lenition Engines,” IEEE
Transactions on Control Systems Technology, Vol. 6, No. 3, MAY 1998, pp.
325-334.

S. W. Wang and D. L. Yu, “A New Development of Internal Combustion Engine
Air-Fuel Ratio Control with Second-Order Sliding Mode,” ASME Journal of
Dynamic System Measurement and Control, Vol. 129, No. 6, NOV 2007, pp.
757-766.

S. W. Wang, D. L. Yu, J. B. Gomm, G. F. Page and S. S. Douglas, “Adaptive
Neural Network Model Based -Predictive Control for Air-Fuel Ratio of Sl
Engines,” Engineering Applications of Artificial Intelligence, Vol. 19, No. 2,
2006, pp. 189-200.

S. W. Wang and D. L Yu, “Adaptive RBF Network for Parameter Estimation and
Stable Air-Fuel Ratio Control,” Neural Network, Vol. 21, No. 1, 2008, pp. 102-
112.



{11]

[12]

[13]

[14]

[15]

[16]

(17

(18]

{19]

[20]

[21]

60

J. Deur, D. Pavkovic, N. Peric, M. Jansz and D. Hrovat, “An Electronic Throttle
Control Strategy Including Compensation of Friction and Limp-Home Effects,”
IEEE Transactions on Industry Applications, Vol. 40, No. 3, May/Jun 2004, pp.
821-834.

D. Pavkovic, J. Deur, M. Jansz and N. Peric, “Adaptive Control of Automotive
Electronic Throttle,” Control Engineering Practice, Vol. 14, 2006, pp. 121-136.
P. Mercorlli, “Robust Feedback Linearization using An Adaptive PD Regulator
for A Sensorless Control of A Throttle Valve,” Mechatronics, Vol. 19, 2009, pp.
1334-1345.

R. Grepl, and B. Lee, “Modeling Parameter Estimation and Nonlinear Control
of Automotive Electronic Throttle using A Rapid-Control Prototyping
Techique,” International Journal of Automotive Technology, Vol. 11, No. 4,
2010, pp. 601-610.

M. Corno, M. Tanellj, S. M. Savaresi, and L. Fabbri, “Design and Validation of A
Gain-Scheduled Controller for the Electronic Throttle Body in Ride-by-Wire
Racing Motorcycles,” [EEE Transactions on Control Systems Technology , Vol.
19, No. 1, JAN. 2011, pp. 18-30.

M. Baric, I. Petrovic, and N. Peric, “Neural Network-Based Sliding Mode Control
of Electronic Throttle,” Engineering Applications of Artificial Intelligence, Vol.
18, 2005, pp. 951-961.

M. Reichhartinger, and M. Horn, “Application of Higher Order Sliding-Mode
Concepts to A Throttle Actuator for Gasoline Engines,” IEEE Transactions on
Industrial Electronics, Vol. 56, No. 9, SEP. 2009, pp. 3322-3329.

Y. Pan, U. Ozguner and O. H. Dagci, “Variable-Structure Control of Electronic
Throttle Valve,” |EEE Transactions on Industrial Electronics, Vol. 55, No. 11,
NOV. 2008, pp. 3899-3907.

Y. Xiaofang, W. Yaonan, S. Wei and W. Lianghong, “RBF Networks-Based
Adaptive Inverse Model Control System for Electronic Throttle,” IEEE
Transactions on Control Systems Technology , Vol. 18, No. 3, MAY. 2010, pp.
750-756.

X. Yuan, Y. Wang, L. Wy, X. Zhang, and W. Sun, “Neural Network Based Self-
Learning Control Strategy for Electronic Throttle Valve,” IEEE Transactions on
Vehicular Technology, Vol. 59, No. 8, OCT. 2010, pp. 3757-3765.

G. Chen, and H. Ying, “Stability Analysis of Nonlinear Fuzzy P! Control
Systems”, International Conference 6n Industrial Fuzzy Control and
Intelligent Systems, DEC. 1993, pp. 128-133.



This material is reserved for educational use only, not allowed for commercial use.

Forbidden to modify the content, and cite the document when use.



This material is reserved for educational use only, not allowed for commercial use.

Forbidden to modify the content, and cite the document when use.



This material is reserved for educational use only, not allowed for commercial use.

Forbidden to modify the content, and cite the document when use.



This material is reserved for educational use only, not allowed for commercial use.

Forbidden to modify the content, and cite the document when use.



This material is reserved for educational use only, not allowed for commercial use.

Forbidden to modify the content, and cite the document when use.



This material is reserved for educational use only, not allowed for commercial use.

Forbidden to modify the content, and cite the document when use.



This material is reserved for educational use only, not allowed for commercial use.

Forbidden to modify the content, and cite the document when use.



This material is reserved for educational use only, not allowed for commercial use.

Forbidden to modify the content, and cite the document when use.



This material is reserved for educational use only, not allowed for commercial use.

Forbidden to modify the content, and cite the document when use.



This material is reserved for educational use only, not allowed for commercial use.

Forbidden to modify the content, and cite the document when use.



This material is reserved for educational use only, not allowed for commercial use.

Forbidden to modify the content, and cite the document when use.



This material is reserved for educational use only, not allowed for commercial use.

Forbidden to modify the content, and cite the document when use.



This material is reserved for educational use only, not allowed for commercial use.

Forbidden to modify the content, and cite the document when use.



This material is reserved for educational use only, not allowed for commercial use.

Forbidden to modify the content, and cite the document when use.



This material is reserved for educational use only, not allowed for commercial use.

Forbidden to modify the content, and cite the document when use.



This material is reserved for educational use only, not allowed for commercial use.

Forbidden to modify the content, and cite the document when use.



This material is reserved for educational use only, not allowed for commercial use.

Forbidden to modify the content, and cite the document when use.



This material is reserved for educational use only, not allowed for commercial use.

Forbidden to modify the content, and cite the document when use.



Appendix C

Electronic throttle valve



80

For experimental ETV, the feedforward approach is utilized to prove a total
number of load torque. The input signals are Pulse-Width-Modulation signals that
increase the duty-cycle of the signal by ten percent every second. Concurrently, the
current sources and the throttle angles are measured. The measured data are
presented in Table C.1 and depicted on a load-torque characteristic in Fig C.1. As
such, the Coulomb friction is approximately 5 Nm/s at 40 percent of duty cycle.

Table C.1 The characterization of used electronic throttle valve

Duty cycle Current Throttle angle | Load Torque
of PWM (Ampere) (Degree) (Nm/s)
10% 0.105 Close position 0.126
20% 0.3923 Close position 0.9415
30% 0.7106 Close position 2.5581
40% 1.086 22 52128
50% 1.36 80 8.16
60% 1.79 85 12.888

A Nm/s
16
12
8-—
4
0 T T T T T ™8
A I E ¢ 90

Fig. C.1 A load-torque characteristic of the used ETV
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D.1 Pl Trapezoid Rule (Bilinear Approximation)

-1
The 2\ Z_l is employed for s as follow:
T\l+z

Up(s)= K(l + i)e(s)

)

U, ()= K[l R tlg %i—j:g))e(z)
0,6)={ s+ {24
U ()= (Kp (1=z")+K,[1+2" )Je @

-=")
U, (z)(l -z ) = {Kp (1 -z )+ K, (1 +z7 )}e(z)
Uy (KT)-U,, (KT -1)= K, {e(KT) - e(KT - 1)} + K, {e(KT)+ (KT —1)}
AU, (KT)= K ,{e(KT)— e(KT - 1)} + K, {e(KT)+ e(KT —1)}
where
K,=K, K, =KT/2,and the controller diagram is shown as below

r(kt) ~ e(kt)
e

y(ke)|
% DIA Plant > 5(0)
é [ Sensor

AD

Fig. D.1 Block diagram of P! (Bilinéar Approximation) scheme



o~

'f e
A —_ Ci
35 ‘/ \
\ 4 N
5 . / N\
£25 N
> 2 !
b
1.5
7 N\
0'50 5 10 15 20 25

Time (Second)

Fig. D.2 Ramp-step response of Pl controller
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Fig. D.3 Sine-step response of Pl controller
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Fig. D.4 Multi-step response of PI controller

Table D.1 Performance indices of Pl control in experiment

Acceleration IAE ISE OV Max | Settle Time Max
(Degree) | (Degree) | (Degree) (Second)
Ramp step 1.1933 0.0979 0 -
Sine Step 1.5874 0.1814 0 -
Multi Step 1.8298 0.705 0.7363 1.15
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D.2 PD backward rule

-1

The

is employed for s as follow:
Upp(s)=K(1+st, Je(s)
Upplz)= K(l +(1 —

2 },,]e@

Unp(2)=(K, + K, (-2 )e(z)

Upp (KT) = K, {e(KT)}+ K, {e(KT) - e(KT ~1)}

where
K,=K, K, =Kt,/T and the controller diagram is shown in fig. D.5

e(kt)

r(kt)
=

)|

/A Plant > y( t)

AD

Fig. D.5 Block diagram of PD backward scheme
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Fig. D.6 Ramp-step response of PD controller
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Fig. D.8 Multi-step response of PD controller

Table D.2 Performance indices of PD control in experiment

Acceleration IAE ISE OV Max | Settle Time Max
| (Degree) | (Degree) | (Degree) (Second)
Ramp step 2.6597 0.3737 0 Off set
Sine Step 3.2316 0.5372 0 -
Multi Step 0.7663 0.1101 0.3936 Off set
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D.3 PD+l backward rule

-1

The

is employed for s as follow:

U,(s)= K( ]e(s)

U, ()= %m)e(z)

oo
U, (2f1-2")=Kelz)

U,(KT)-U,(KT-1)= K,e(KT)

and

Urp (S) = K(l +st, )e(s)

Upp (z) K(l +( ]td ]e(z)

Upp(2)= (K +K ( )k(z)

Upp (KT)= K {e(KT)}+ K, {e(KT) - e(KT — 1)}
where

K,=K,K,=Kt,/T, K,=KT/t, and the controller diagram is shown in
fig. D.9

r(kt) :( e(kt) - X +

k)| =y
— DIA Plant > y(t)
Sensor
AID

Fig. D.9 Block diagram of PD+! backward scheme
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F

w

I\
/N /
/

b

\
\

\
N

-

Voltage
i h N ¢ h
N = N U W D s

o
e

10 15 20

Time (Second)

25

Fig. D.11 Sine-step response of PD+l controller
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Fig. D.12 Multi-step response of PD+l controller

Table D.3 Performance indices of PD+l control in experiment

Acceleration IAE ISE OV Max | Settle Time Max
(Degree) | (Degree) | (Degree) (Second)
Ramp step 1.431 0.1392 0 -
Sine Step 1.6857 0.1987 0.91 -
Mutti Step 1.222 0.3524 1.75 1.62
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Table E.1 Data on fuel properties

Fuel Formula Higher heating | Lower heating (A/F),
value, MJ/kg value, MJ/kg

Gasoline C:Higm 47.3 44.0 14.6/1
Natural gas C,H3gNo.1n 50.0 45.0 14.5/1

Methane CH, 55.0 50.0 17.23/1

Propane CsHg 50.4 46.4 15.67/1

Ethanol C,HeO 29.7 26.9 9.0/1
Gasohol E10 0.9C, H; g7,+0.1C,HO 45.54 42.36 14.13/1
Gasohol E20 0.8CH; §7,+0.2C,H,O 43,78 40.45 13.29/1
Gasohol E85 0.15CH, §7,+0.85C,HsO 32.34 29.06 9.86/1
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Engine Mass in Motion

osc

' Fig. F.1 Two-mass model for oscillating and rotating masses

An oscillating portion is

Pt =g 25 F.)
and a rotation portion is
Myod,ror = mmdi’lﬂ'— . (F.2)
The two lengths [, and [, with
L+, =1 (F.3)

are defined by the location of the center of gravity of the connecting rod. Thus the

oscillating mass at each cylinder is

l

— osc
mosc - mpisron + mrod l 4 . (Fq)

and the rotational mass of the crankshaft portion at one cylinder

Loa
m, = mcrank + mrod r; : (FS)

The crankshaft mass in deducted from the moment of inertia

m — Jcrank . (F.6)

crank — 2
r

Thus, the moment of inertia is
ovl dS’ 2
J@)=m r*+ —L1, F.7)
O mar+m, (%) <

as the speed of oscillating mass v, ; is the time derivative of respective piston stroke

)

Vose) =s'j(¢9)=s'(0—( j—l)g;—rl-), j=L..,ol . (F.8)



Appendix G

Average performance indices of controls

in experiment



Table G.1 Average performance indices of controls in experiment

Controller IAE ISE OV Max | Settling Time Max
(Degree) | (Degree) | (Degree) (Second)

PID 1.0063 0.1261 0.6318 0.93
PID-AW 1.1517 0.1668 0 0.81
FPI-AW 0.933 0.0861 0 0.72
SMC-ERL 2.5872 0.7711 0.6671 Off set
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