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Abstract: The desired performance of a spark ignition (SI) engine is highly related to the
position of the spark advance, and consequently to the beginning of stable combustion inside
the cylinder. The magnitude of the generated ion current signal, measured by a sensor inside
cylinder, is closely correlated to the cylinder pressure magnitude. Their maximum values
almost coincide at the same crank angle position. In this paper, a feedback control system is
designed to fix the position of the maximum pressure at a given desired value of the crank
angle. Noting that SI engines are highly non-linear systems, a fuzzy logic controller is developed.
The simulation results present a quite satisfactory performance of the closed-loop system.

Keywords: fuzzy logic controller, ionization current, peak pressure position, spark advance,
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1 INTRODUCTION environmental conditions cause the system to
deteriorate from its optimal condition. The more
intensive emission regulations in the future and theThe last generation of vehicle engines is mainly con-

trolled by engine management systems (EMS). These high market demand for lower fuel consumption
leads researchers to substitute the existing open-looptypes of engine are either open-loop or closed-loop

control systems. In an open-loop type, the engine control systems with modified closed-loop optimal
controls. Two methods, among the others, are pre-test results on test beds are tabulated in the form of

look-up tables for different operational conditions. sented to keep the peak pressure at a fixed position
of the crank angle. In the first method the cylinderThe look-up table is saved on the microcontroller

unit of the EMS [1]. An essential variable in the pressure is directly measured, while in the second
method the ionization current is measured inside theperformance of spark ignition (SI) engines is the

ignition timing. Different parameters such as engine cylinder. A variety of cylinder-pressure-based engine
control systems have been reported in the literaturespeed, manifold pressure, manifold temperature, inlet

air temperature, air–fuel ratio, fuel characteristics, [3–7]. However, they have not been yet proven to be
cost effective due to the high cost of pressure sensorsexhaust gas recirculation (EGR), coolant temperature

and humidity, affect the optimal ignition timing [2]. and limited durability considerations of these sensors.
The most common types of cylinder pressureIn today’s production lines, the ignition timing is

mostly controlled by an open-loop scheme that relies sensors are intrusive devices that are packaged
through the combustion chamber wall [8–11]. Ionon a look-up table. The look-up tables are calibrated

through extensive experiments in either an engine test current signal sensors, on the other hand, are the
best substitute for pressure sensors [12]. An ionbed or chassis dynamometer. These are essentially

open loop-control commands. Consequently, any current signal can be measured with a spark plug.
This signal is used in knock control, misfire detection,changes in the parameters of the system or in the
air–fuel ratio, and spark advance control systems
[12–20]. In this paper, a feedback control system is* Corresponding author: Faculty of Mechanical Engineering,
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2 THEORY AND FORMULATION become carriers of ionic currents [14]. To measure
the degree of ionization, a probe is inserted into the

2.1 The ion generating process combustion chamber. The probe is biased in order
to create an electrical field that attracts and rejects

The ionization process may briefly be described as
ions in the vicinity of the probe.

follows: the heat in the flame front ionizes the gas in
In Fig. 1 the ionization signal is displayed as athe combustion chamber and the gas becomes con-

function of crank angle. It has three phases: ignition,ductive. An electrical field is then generated in the
flame front, and post flame [20].combustion chamber and the current is measured.

The ionization current contains information about
the combustion process and pressure. The following 2.2 Ionization current modelling
equation is an example of an ideal reaction in an

An analytical expression for the ionization currentinternal combustion engine
has been presented, assuming that the gas in the
spark plug is fully combusted and in thermodynamicC8H18+

25

2
O2� 8 CO2+9 H2O (1)

equilibrium also assuming that the current is carried
in a cylinder extending from the central electrode ofHowever, the actual combustion process has several
the spark plug. Given the cylinder pressure and tem-stages. The high temperature inside the cylinder
perature the analytical expression for the ionizationionizes the molecules. The ionized molecules are
current isrecombined and more stable molecules are generated.

Some preliminary reactions are included in the ion
creation I=Ax1/2

i
P−1/2T 3/4 expA− E

i
2sT B (3)

CH+O�CHO++e−

where A is a constant.CHO++H2O�H3O++CO
Figure 2 shows the variation of ion current during

CH+C2H2�C3H+3 +e− the post flame period. The relative current may be
written as(2)

The generated ions are not limited to those in I

Imax
=A x

i
x
imaxB1/2A P

PmaxB−1/2A T

TmaxB3/4 exp(BB)equation (2). Other ions such as C
3
H

3
O+, OH−, O2−,

and a considerable amount of H
3
O+ and C

3
H+

3
are

also generated. These positive ions and electrons (4)

Fig. 1 Ionization current signal characteristic in three phases: ignition, flame front and post
flame [20]
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Fig. 2 Ion current variation in the post flame period Fig. 3 Three different pressure traces, resulting from
(simulation) three different spark timings: SA1=15°, SA2=

25°, SA3=30°BTDC (simulation)

where With too early ignition timing the pressure rise starts
too early and counteracts the piston movement. Too

BB=−
E
i

2sTmaxCATmaxT B−1D (5) late ignition gives a pressure increase that comes
too late, so that work is lost during the expansion
stroke. Under normal driving conditions the mixtureand the quantities T

max
, P

max
, and x

max
are the

is ignited around 15–30° before top dead centretemperature, pressure, and total density at I
max

[21].
(BTDC) and the pressure peak comes around 20°
after top dead centre (ATDC).

To define the position of the cylinder pressure3 SPARK ADVANCE CONTROL
relative to TDC, the peak pressure position (PPP) is
used (Fig. 4). The PPP for maximum output torqueSpark advance control deals with controlling the
lies around 16° after TDC for all these operatingappropriate timing of the spark plug ignition inside
points. Hubbard et al. show that a spark schedulethe cylinder. The engine efficiency and emissions are
that maintains a constant PPP at 16° is close todirectly affected by the spark advance. Therefore the
optimum [3]. This method is used and is validatedignition time is selected to maximize the engine
by many researchers [3–7].power, while avoiding the engine knock and emission

The simulation results show that the maximumincrease. The best spark advance setting for an
value of the generated ion current during the postinternal combustion engine depends on the engine
flame period coincide with the peak pressure position.load, speed, air temperature, and air–fuel ratio. Other
This result is shown in Fig. 5 [21]. Similar experimentalvariables and parameters have a minor effect on the
test results are shown in Fig. 6 [20].spark advance position. Nowadays, the spark control

systems measure some of these parameters and adjust
3.2 Controller designthem based on extensive engine testing during the

design period. However, it is very difficult to measure It is proposed to design a controller such that it
all parameters and would be extremely expensive maintains the peak pressure at a fixed position,
and time consuming to perform the engine testing namely 16° after TDC. Note that SI engines are highly
required by mapping the effects of all the para- non-linear systems and unmodelled dynamics are
meters on the spark. The use of ion current base always confronted. Therefore, a fuzzy logic controller
spark control is a fundamentally different approach (FLC) is developed and designed for this system. This
that relies on feedback and has the potential to type of digital controller is suitable for non-linear
reduce the amount of calibration required for a new
engine design. Compared with the open-loop control
systems (look-up tables) it also improves the engine’s
efficiency under large variations of the actual
operating conditions.

3.1 Spark advance, cylinder pressure, and ion
current

In Fig. 3 three different pressure traces are shown for
three different spark timings. Earlier spark advance Fig. 4 Cylinder pressure and PPP verses crank angle

(simulation)gives higher maximum pressure and temperature.
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In Fig. 7, the error signal is given by the relation

e=(PPP)ref−PPP (6)

In this paper the quantity PPP is calculated from the
engine dynamical model [24]. The error derivative
signal is calculated by the relation

ė(t)=
e(t)−e(t−Dt)

Dt
(7)

Fig. 5 Normalized ion current and pressure variation
via crank angle (simulation) where Dt is the time interval between two sequential

spark advances. A proportional-integral (PI) action
systems and are also robust to noise and parameter control law has been used to eliminate the system
variations [22, 23]. Figure 7 shows the block diagram offset (steady state error). The control law is
of this feedback control system with a fuzzy logic

SA(n+1)=SA(n)−C[PPPref(n)−PPP(n)] (8)controller.
The designed FLC is a multi-input–single-output where C is a constant gain between 0.0 and 1.0, and

controller. Error and error derivative signals are should be tuned by the fuzzy logic controller.
inputs and C is the controller output signal. The
error signal (e) is the difference between the desired

3.3 The structure of the fuzzy logic controller
position of peak pressure (PPP)

ref
and its measured

value (PPP). It should be noted that in this system The fuzzy logic controller consists of five sections:
fuzzifier, data base, rule base, inference mechanism,the generated ion current is measured instead of the

pressure of the cylinder using a pressure sensor. and defuzzifier (Fig. 8). The fuzzifier changes the

Fig. 6 Ion current and pressure variation via crank angle (experimental) [20]

Fig. 7 Block diagram of the control system

D13504 © IMechE 2007Proc. IMechE Vol. 221 Part D: J. Automobile Engineering

d000003504 11-12-06 11:13:55 Rev 14.05

The Charlesworth Group, Wakefield 01924 204830



5Fuzzy control of spark advance by ion current sensing

Fig. 8 Fuzzy logic controller structure

crisp variables (e) and (ė) into singleton fuzzy sets. If
the fuzzy set, E, is a fuzzy singleton, then

m
E

(s)=G1.0 if s=e

0 otherwise
(9)

The ith IF–THEN rule of the fuzzy controller rule
base has the structure

R
i
: IF (e is E

j
) and (ė is Ė

k
) THEN (c is C

p
) Fig. 9 Normalized data base

for j=1, 2, … , 7; k=1, 2, … , 7; p=1, 2, … , 7

(10) The fuzzy inference minimum rule can be written as

where R
i

(i=1, 2, I) is the ith rule and I is the total R
i
=E
j
×Ė
k
×C
pnumber of rules. The variables e, ė, and c are

linguistic variables and E
j
, E

k
, and C

p
are primary =P

E,Ė,C
Min[m

E
j

(e)0m
Ė
k

(ė)Ωm
C
p

(c)] /(e, ė, c) (11)
fuzzy sets. They have been partitioned into seven
parts

and the Sup-min compositional operator can be
{NB, NM, NS, ZE, PS, PM, PB} described as

The maximum number of rules is 49. The fuzzy rules C7(E×Ė)0R
i

in the rule base are listed in Table 1.
In this paper normalized triangular membership =P

C
Sup{E, Ė} Min[m

E×Ė
(e, ė)Ωm

E
j
×Ė
k
×C
p

(e, ė, c)]/c
functions are used (Fig. 9). The Inference mechanism
is a fuzzy reasoning engine that is composed of fuzzy (12)
approximative rules and compositional operators. In

where the values of m
E×Ė

(e, ė) and m
E

j
×Ė

k
×C

p

(e, ė, c)this paper the fuzzy approximative minimum rule and
can be obtained by fuzzy rules and fuzzy inference.the Sup-min compositional operator are used [23].
The crisp output is obtained via the process of
defuzzification. For defuzzification, the centre of the
area is consideredTable 1 The rule base of the fuzzy controller

ė/e NB NM NS ZE PS PM PB c=
W7
i=1

c
f
m
C
p

(c
f

)

W7
i=1
m
C
p

(c
f

)
(13)

NB PB PB PB PB PM PM PS
NM PB PM PM PM PS PS ZE

3.4 Disturbance rejectionNS PM PM PS PS PS ZE ZE
ZE PS PS PS ZE NS NS NM

In SI engines, humidity is one of the major externalPS ZE ZE NS NS NM NM NM
PM ZE NS NM NM NM NB NB disturbances that affects the pressure and ion current
PB NM NB NB NB NB NB NB

signals. In order to evaluate the performance of the
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closed-loop control system at the presence of an
external disturbance, an air humidity model is pro-
posed. Firstly, the air humidity model will be proposed
and then the controller behaviour will be investigated.

3.5 Air and humidity mixture model

In this section a model of the air and humidity
mixture is investigated based on the following
assumptions [25]:

Fig. 10 Spark advance variation via number of cycles
1. There is no dissolved gas in the air. in the presence of disturbance (simulation)
2. The gaseous phase can be treated as a mixture of

the ideal gas.
3. When equilibrium is achieved, the partial pressure

of the vapour is equal to the saturation pressure
corresponding to the temperature of the mixture.

By defining the relative humidity (Q) as the ratio of
the mole fraction of the vapour in the total pressure
and the humidity ratio (k) as the ratio of the mass of
vapour (m

v
) to the mass of dry air (m

a
), then

Q=
Pv
Pg

(14)

and

Fig. 11 Peak pressure position variation via number
of cycles in the presence of disturbancek=

mv
ma

(15)
(simulation)

Therefore

Q=
kPa

0.622Pg
(16)

5 CONCLUSION

By referring to the above relations the mole fraction In this paper the ionization current during the post
of the humidity of the mole of oxygen in the air flame combustion period and the correlation between
mixture (f) is defined as the cylinder pressure and ion current signal are

investigated. Based on relations between spark
advance and pressure and ion current developmentf=4.9749Q

Pg
Pa

(17)
a fuzzy logic controller is designed for optimal spark
advance control. Simulation results show the excellent
performance of the controller and its robustness in
the presence of disturbances.

4 SIMULATION RESULTS

In this section the simulation results of the fuzzy
logic controller for optimal spark advance control are
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s Boltzmann’s constant (J/K molecule) f fuzzy
Q relative humidity g gas
v

e
engine speed (rad/s) max maximum

min minimum
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sup suprimuma air
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