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ABSTRACT

As it is well known one of the most harmful emissions in SI
engines is NOx and there are several ways to minimize NOx
emission. Internal exhaust gas recirculation (IGR) is an
effective way to control and minimize NOx concentration in
exhaust gas. In this paper, a method for minimizing NOx
emission by use of IGR and variable valve timing (VVT) is
introduced. In this method, formation of NOx is controlled by
mass fraction of residual gas (RG) and mass fraction of RG is
controlled by variable timing of exhaust valves opening and
closing so not only the timing of exhaust valves changes but
also the lift profile of exhaust valves is variable. In this paper,
first a thermodynamic model of a SI engine was developed
and validated by experimental data. The model was a reliable
tool for predicting engine performance and emission
characteristics. The effect of variable exhaust valve timing on
RG mass fraction, NOx formation and brake specific fuel
consumption was investigated. Then a multi-objective genetic
algorithm (NSGA II) was applied to find the optimum timing
and lift duration of exhaust valve.

INTRODUCTION

A variable valve timing (VVT) mechanism is used to
optimize performance and emission of internal combustion
engines (ICEs). It can be used for both intake and exhaust
valves to control the gas flow into or out of the cylinder.
Also, VVT can be used to maximize volumetric efficiency at
high speeds or it can be used to control residual gas mass
fraction to diminish formation of NOx and reduce brake
specific fuel consumption. Variable exhaust valve timing
could make the exhaust process faster and easier to increase
power and torque or it can hinder exhaust process in order to
reduce emissions. Despite the fact that variable valve lift
mechanism is not currently widely used in vehicular
applications, using this mechanism will be definitely
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inevitable in the future by use of hydraulic and solenoid
valves. Much research has been performed around VVT
mechanisms.

Tailor examined the effect of exhaust and intake valve
timings on performance characteristics of ICE [1]. Asmus
investigated the effect of opening and closure points of both
intake and exhaust valves on engine performance [2]. Haugen
et.al designed and practiced a VVT system on intake valve.
After experimental works they declared that the designed
system could increase power and decrease engine fuel
consumption [3]. Lancefield et.al in their paper explained
using VVT mechanism could decrease fuel consumption and
emission in low speeds and increase power and torque in high
speeds [4]. Hanato et.al developed a new multi-mode VVT
mechanism that performed in three different cases: 1.
Deactivate both intake and exhaust valves when low power
and speed is needed. 2. Moderate lifts and short durations in
low speeds 3. High lifts and long durations in high speeds.
Hanato concluded with that VVT mechanism a reduction in
fuel consumption of 16% during the Japanese test driving
cycle and a power increase by 20% [5]. Leone practiced
different valve timing strategies to reduce NOx and fuel
consumption [6]. Kohany and Sher developed and validated a
two-zone model. They used the 2nd law of thermodynamics
to optimize valve timing for maximizing engine power and
torque [7]. Moro et.al introduced a possible strategy to realize
an original engine load control by means of both intake and
exhaust VVT [8]. Bozza et.al developed a one-dimensional
model and validated it with experimental results. Bozza then,
investigated the effect of both intake and exhaust valve
timings on performance and emission characteristics of a SI
engine but he did not apply any optimization [9]. Golcu et.al
used neural networks for the estimation of performance and
fuel consumption of a SI engine using different initial valve
timings and engine speeds [10]. Alkidas reviewed recent
advancements made in gasoline engines for reduction of fuel



consumption and emissions, and the technologies associated
with these advancements. Alkidas remarked that flexible
valve actuation was a key technology for decreasing fuel
consumption and emission of ICEs [11]. Atashkari et.al used
artificial neural network and evolutionary algorithms to
achieve optimum intake valve timing [12]. Salimi et.al
examined the effect of spark advance, air/fuel ratio and valve
timing on performance and emissions of a hydrogen fueled
engine [13].

In this paper, a thermodynamically quasi-dimensional two-
zone model is developed in Matlab and then it is validated by
experimental results. The model is capable of estimating
engine performance and emissions characteristics with
various valve timings and engine speeds. Data achieved from
simulations is used to train an artificial neural network and
then a multi-objective genetic algorithm method is used to
find optimal exhaust valve timings at different engine speeds.

MODELING

The engine model is a quasi-dimensional two-zone model
which solves the basic differential equations for the intake,
compression, power and exhaust strokes. In this model, the
combustion chamber is divided into two zones by flame front.
First zone contains unburned mixture and the second one
contains burned mixture. Thermal NOx formation also takes
place in burned zone, which is described by the extended
Zeldovich mechanism [14]. The flame front is assumed to
travel by a speed called turbulent flame speed which is a
function of laminar flame speed. The engine model uses
Woschni correlation [15] to estimate engine heat transfer. It is
assumed that the flame travels in a sphere like shape. The
engine model also includes a friction model to predict brake
mean effective pressure [16]. The composition of the reaction
products is calculated from the chemical equilibrium at a
given pressure and temperature of the 12 species Np, NO, N,
CO,, CO, OH, H, 0,, O, H,0O, Hj, Ar. Finally, using Newton
- Raphson method, the molar fraction of each species and
total mole fraction was calculated [17].

MODEL FORMULATION

The basic equation for the engine model that is derived from
1st law of thermodynamics is:

dE =-00 — W+ hdm,
(1)

Where, £ is the internal energy of the cylinder gas mixture,
0 is the heat exchange of the cylinder contents with the
cylinder walls where, W is the work, h; is the specific

dm,

enthalpy of gas which enters or leaves the cylinder, and

=

is the mass flow into (+) or out of (-) the cylinder. oW can

be expressed as F -dV, where, P is the pressure and Vs
the cylinder volume [14].

Intake and Exhaust Processes

The mass flow rate through a valve is usually described by
the equation for compressible flow through a flow restriction.
This equation is derived from a one-dimensional isentropic
flow analysis, and real gas flow effects are included by means

of an experimentally determined discharge coefficient, CD.
The air flow rate is related to the upstream stagnation

P T

pressure and stagnation temperature *-, static pressure
just downstream of the flow restriction (assumed equal to the

pressure at the restriction, P’-"), and a reference area AR
characteristic of the valve design [14]:
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For flow into the cylinder through an intake valve, is the

intake system pressure and P is the cylinder pressure. For

P

flow out of the cylinder through an exhaust valve, is the

. P. .
cylinder pressure and “ 7 is the exhaust system pressure.
Several different reference areas can be used. In this paper,
the so-called valve curtain area was used as reference area:

A, =7D,L,
G

Also lift profile is obtained using Ashhab et.al formulation
[18].

Compression and Expansion Strokes

During combustion and expansion equation (1) can be
simplified to:
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Where, R is the mixture gas constant, 0 is the crank angle

dm,

and d0 s the cylinder mass leakage due to blowby. By
neglecting the change in gas constant during expansion the
rate of pressure change can be calculated from the ideal gas
state equation [14,16]:

L] e Y 4
0 V| do do " de
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Combustion Stroke

Using conservation of mass and energy and the ideal gas
equation the rate of change of cylinder pressure, unburned

and burned gas temperature T, and T, are:
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ap _ C‘J_',"‘;”ﬁyll+'("';";/ =
d(?' L‘;u,fr R.h C;s.u R.’r
C,p V dm,, R dm,,
B Pd——c,ﬂ], L . L
R, ) do " dé R, " deo
R di e e R d
- (()ﬁ...()_“}..crlr, .ﬁ—_HT:a nl"”+ {'._“_f.‘_a_“ &_d_g
i R, de \c,, R,c, )do do

Where, subscripts ¥ and b denote unburned and burned
properties respectively and subscript [ , denotes leakage (due
to blowby). Also, ¢ and Cp are the specific heats at constant
volume and pressure respectively, [ is the specific energy

dm,

and d0 s the mass burning rate, which is derived from a
turbulent flame speed model [19].
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Also, the mass burning rate is assumed that:
dmh
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)

. A, .
Where; P is density, “*/ is the flame front area and Uy s the
turbulent flame speed.

Laminar Flame Speed of Gasoline

The burning velocity gasoline can be calculated from
Metghalchi and Keck formulation [14]. Their correlation is
defined as following.

Uy = um(%)“(;)ﬁ(l -2.06x,""")
0 0

(10)

T,=298 K P, =1(atm)

Where; and are the reference

temperature and pressure, and u’-“, & and /8 are functions

of equivalence ratio for a given fuel, and Xb is unburned gas
diluent fraction. These constants can be represented as
follows:

a=2.18-0.8(4-1)

(11)
B=-0.16+0.22(4-1)

(12)
uf.[l = Bm + Bd(¢ . ¢m):

(13)

For gasoline ¢:a:, B, and Bﬁ are 1.21, 0.305 (mf"S) and
—0.549 (In / §), respectively.

Turbulent Flame Speed

Various methods for describing and calculating the turbulent
flame speed have been developed. In this paper “Damkohler
and derivatives” method is used [20, 21]. According to this
model turbulent flame speed is calculated as follows:

(14)
Where:
u' =ul,.(1-0.5 g '360)
(15)
ul,. =0.75U,
(16)



@ is the crank angle (360 at TDC of compression).

MODEL VALIDATION

In order to validate the developed model, some experiments
had been already conducted [22, 23]. The tested engine was
Mazda 2000bi. Engine specifications are listed in table 1. The
gasoline properties used for experiments are listed in table 2.

Table 1. Engine specifications

Four stroke, Spark

Engine type ignition, naturally
aspirated, without EGR
Number of cylinders Four in line
Bore (mm) 86
Stroke (mm) 86
Connecting rod lenth -
153
(mm)

Compression ratio 8.6

70 (kw) @ 5000 (rpm)
151 (N.m) @ 2500 (rpm)

Maximum power
Maximum torque

Valve per cylinder 3
Intake valve opening
(IVO) 10 BTDC
Intake valve closing 49 ABDC
Maximum intake valve lift
5.6
(mm)
Exhaust valve opening 55 BBDC
Exhaust valve closing 12 ATDC
Maximum exhaust valve lift 5.6

(mm)

Table 2. Gasoline properties

Formula CT..‘[\HIS.S
Molecular Weight 106.22
Density (kg/m’) 750
Heat of vaporization @298K 305
(kJ/kg)
Lower Heating Value
P kgg) 44.0
Stoichiometric Air/Fuel Ratio 14.6
Research Octane Number 95.8

In Fig. 1, predicted in-cylinder pressure is compared to
experimental data. As it can be seen simulated and
experimental data match quite well. All the tests and
simulations are performed at full-load, wide open throttle
(WOT). Spark timings that are used in model has been
selected according to their calibrated values saved in
electronic control unit (ECU).

45 1 - - - .Experimental
40
35 - Simulated
30 4 Fuel:Gasoline
= SA:30 BTDC
¥ 25 1 AFR :1
o 20 4 speed:5000rpm
1
5 .
-180 0 CA(degree) 180 360
351 - - - .Experimental
30 4
Simulated
251 Fuel:Gasoline
0 20 4 SA:12 BTDC
2 AFR :0.856
I 15/
speed:2000rpm
5 4
-180 CA(degree) 180

volumetric efficiency

Fig.1. Comparison between simulated and experimental
data.

In Fig. 2 and Fig. 3 volumetric efficiency, brake specific NOx
(bsNOx) and brake mean effective pressure (BMEP) that are
calculated with the model are compared to experimental data.
In Fig.2 around the engine speed of 4500 volumetric
efficiency reaches its maximum and then decreases because
of high pressure loss and choking in high engine speeds. In
Fig. 2 and Fig. 3 there are some differences between
experimental and simulated data due to simplifications and
unmodeled dynamics.
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0.9
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Fig. 2. volumetric efficiency comparison
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Fig. 3. bsNOx and bmep comparison

In Figs. 4 and 5 effect of variation of EVC on mass fraction
of residual gases, brake power and NOx concentration are
illustrated. EVO is set to 55 bBDC, engine speed is 3000
(rpm), Spark advance is 22 bTDC and equivalence ratio is
1.16. RG mass fraction at EVC=320 stands at approximately
0.11. It must be mentioned when EVC occurs early; exhaust
gases do not have enough time to leave the cylinder. As EVC
happens later with respect to CA, mass fraction of RG
decreases because there is sufficient time for burned gases to
leave the cylinder. If EVC happens even later, overlap time of
intake and exhaust valves increases and it will cause a steady
increment in RG mass fraction.

320 330 340 350 360 370 380 380 400 410 420
EVC (degree)

Fig. 4. Effect of EVC variations on RG mass fraction

Mass fraction of residual gas influences volumetric
efficiency, concentration of in-cylinder mixture and specific
heat of in-cylinder mixture. As RG mass fraction increases,
volumetric efficiency and concentration of in-cylinder charge
decreases and specific heat of in-cylinder charge increases.
So an increment in RG mass fraction will result in lowering
brake power and NOx formation. In Fig. 5 it is shown that

ion (i

N

when RG mass fraction is high, power and NOx
concentration are low and vice versa.
1800 70

—— NOx concentration
—a— brake power 10

340 360 380

EVC (degree)

400

Fig. 5. Effect of EVC variations on NOx concentration
and brake power

NEURAL NETWORK

After validating the developed model, it ran with several
different exhaust valve timings in a wide range of engine
speeds. The exhaust valve opening (EVO) varies in the range
of 100 to 200 degree of crank angle (CA) and the exhaust
valve closure (EVC) varies from 320 to 420 degree of CA.
Due to the engine model runs slow, the optimization
algorithm calculation is enormous and ease of applying
optimization methods on neural networks, an artificial neural
network (ANN) is developed using simulated data.

The neural network used in this paper is feed foreword. A
back propagation method is used to train the network and the
neuron activation function is hyperbolic tangent. Network
error is calculated by mean square error method. Many
different ANN with various numbers of hidden layers and
nodes was checked in order to find an efficient neural
network. ANN used in this research has one input layer with
two nodes, two hidden layers each with forty nodes and one
output layer with 3 nodes. Input variables are EVO and EVC
timings and output variables are torque, NOx concentration
and brake specific fuel consumption (BSFC). A schematic of
the network is shown in Fig. 6.
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Fig.6. Schematic of neural network

Eight separate networks are developed in engine speeds of
1500, 2000, 2500, 3000, 3500, 4000, 4500 and 5000 (rpm).
For each engine speed 11025 samples are used for developing
the network. 75% of samples are used to train the network
and the rest of the samples are stored for testing the ANN. In
Fig. 7, the simulated data and data achieved from neural
network are compared at 3000 (rpm). It can be seen that the
neural network results and simulation code results are have
good correlation.

<figure 7 here>

OPTIMIZATION

Optimization in mathematics is defined as maximizing and
minimizing of functions. Generally a multi-objective
optimization problem (MOP) is defined as to find the vector

F(X)

inequality and p equality constrains:

X to optimize the function which is subjected to 7

X=lxi. x5, %X

F(X) =£,(X), £>(X), £ (X )seees £, (X))
g.(X)<0, i=123,..m

h(X)=0, j=123,.,p

Various optimization methods are introduced by scientists. In
this paper, a Pareto based, multi-objective genetic algorithm
method is used to find the optimal set of decision vectors.
The Pareto approach can be explained with following
definitions:

U=[u,u,,u;,..,

Pareto dominance: vector Uy ] dominant

to vector V= [VisV25 V35 v ] (denotedU <V if and

. . u. . V. .
only if there is at least one 7 that is smaller than "/ while
the remaining U's are either smaller or equal to
corresponding V's.

Pareto optimality: A point X is said to be a Pareto optimal

ifand onty it F(X ) < F(X)

Parto set: For a given multi-objective optimization problems

(MOP), a Pareto set P s a set in the decision variable space
consisting of all the Pareto optimal vectors.

Pareto front: For a given MOP, the Pareto front is a set of
vectors of objective functions that are obtained using the

vectors of decision variables in the Pareto set £ [24, 25, 26,
27 and 28].

In this paper NSGA-II method is used to find Pareto optimal
set and Pareto front. Genetic algorithms have been widely
used for multi-objective optimization because of their natural
properties suited for these types of problems. This is mostly
because of their parallel or population based search approach.
Another advantage of evolutionary algorithms is that they
calculate real amount of function instead of function
derivatives and gradients. Therefore, genetic algorithms
provide a simple pervasive search and most of the difficulties
and deficiencies within the classical methods in solving
multi-objective optimization problems are removed. For
example, there is no need for several runs to find the Pareto
front or quantification of the importance of each objective
using numerical weights. The Pareto based approach of
NSGA-II [28, 29] has been used recently in a wide area of
engineering MOPs because of its simple yet efficient non-
dominance ranking procedure in yielding different level of
Pareto frontiers.

After applying NSGA 11, Pareto front was found at different
engine speed. Decision variables are opening and closing
points of exhaust valve and objective functions are NOx
concentration, brake torque and brake specific fuel
consumption. Fig. 8, illustrates Pareto fronts for 3000 (rpm)
engine speed. In table 3, the Pareto front points for 3000
(rpm) engine speed are listed.
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Table 3. optimal exhaust valve timings for 3000 (rpm) engine speed at WOT

Duration (deg) EVO (deg) EVC (deg) Torque (N.m) NOx (ppm) | BSFC (gr/kw-hr)
208 152 360 147.1 1931 324
198 150 348 135.1 1049 331
203 137 340 127.3 738 337
213 134 347 139.8 1426 327
208 133 341 129.8 884 335
199 151 350 137.5 1192 329
197 133 330 1114 303 357
206 151 357 146.6 1875 324
185 160 345 127.5 677 338
190 164 354 138 1231 330
180 154 334 118.1 391 348
212 135 347 139.4 1391 327
189 131 320 102.8 195 374
201 136 337 121.3 523 344
200 168 368 147.8 2182 326
2500 emission” design “point A” could be selected and in a “low
fuel consumption” design, “point B” is meritorious.
— 2000 ©
g 8 DESIGN
§ 1500 In this section two sets of exhaust valve timings are proposed
g @@ that can adjust engine performance in two different situations.
g 1000 e} As mentioned, all the tests and simulations are performed at
8 o full-load, wide open throttle. The conventional engine did not
S i A 5 8 have external EGR mechanism
o/ o °
O Pareto front ..
. Low Emission
100 110 120 130 140 150 In table 4, the exhaust valve timings which minimize NOx
Torque (N.m) emission can be seen. In Fig. 9, comparison between
conventional engine and EVVT engine is shown. Engine with
0 EVVT experienced averagely 71% decrement in NOx
E o emission in exhaust gas. It must be mentioned that the
% e el “conventional” curve is obtained using experimental data and
£ 360 the “EVVT” curve is achieved from simulation.
g o
g - o <table 4 here>
z o
g 340
o B\
® 330 ]
& % s
320
95 105 115 135 145 155

125
Torque (N.m)

Fig. 8. Pareto fronts for 3000 (rpm)

<table 3 here>

It must be mentioned that every point on a Pareto front, has
equal value. They are all optimal points. No point is better
than the others. But in a specific design, the designer can
select the proper point. For example in Fig 8, in a “low



Table 4. Exhaust valve timings for low emission design at WOT

Fig. 9. Effect of EVVT mechanism on NOx
concentration

Low Brake Specific Fuel Consumption

Using exhaust valve timings proposed in table 5 causes an
average reduction in brake specific fuel consumption by 6%.

<table 5 here>

Speed (rpm) | Duration (deg) EVO (deg) EVC (deg) Torque (N.m) | NOx (ppm) | BSFC (gr/kw-hr)
1500 209 186 395 103.9 895 335
2000 180 147 327 104.2 233 358
2500 168 161 329 119.6 569 325
3000 189 131 320 102.8 195 374
3500 175 157 332 104.6 177 376
4000 194 138 332 105 77 458
4500 194 148 342 112.2 218 435
5000 204 114 408 112 78 477
Table 5. Exhaust valve timings for low brake specific fuel consumption design at WOT
Speed (rpm) | Duration (deg) | EVO (deg) | EVC (deg) Torque (N.m) | NOx (ppm) | BSFC (gr/kw-hr)
1500 221 146 367 142.6 2078 320
2000 239 146 385 144.1 1156 320
2500 223 149 372 151.2 2383 303
3000 208 152 360 147.1 1931 324
3500 236 138 374 148.2 1063 342
4000 267 118 385 141.4 897 395
4500 214 153 367 141.1 1319 390
5000 235 138 373 144 636 422
2000 450
1800 - = = EWT 430 -
Té 1600 = Conventional 410
£ 1400 -
é 1200 g 390 1
§ 1000 5 370 -
2 o e
% 400 ‘; ,' ‘\ 330 .. - . Conventional
200 *- Caadk g e 2109 s L '
0 - 290 } } }
1500 2500 3500 4500 5500 1500 2500 3500 4500 5500
speed (rpm) speed (rpm)

Fig. 10. Effect of EVVT mechanism on Brake specific
fuel consumption

As noted, the “conventional” curve is experimental results
and the “EVVT” curve is achieved from simulation.



CONCLUSION

In this paper, performance and emission characteristics of a
SI engine are optimized using variable exhaust valve timing
and lift mechanism.

First, a thermodynamically, quasi-dimensional, open-cycle
model of an SI engine is developed. Then the developed
simulation model is validated by experimental data. Next, an
artificial neural network is developed based on simulation
results. Then, the neural network performance is checked by
test data.

The effect of variable valve timings and lift on RG mass
fraction is discussed. Moreover, the influence of RG mass
fraction on NOx concentration and brake power is explained.

A multi-objective genetic algorithm method (NSGA II) is
used to find the Pareto optimal frontiers in different engine
speeds. Design variables are opening and closing timings of
exhaust valve and objective functions are NOx
concentrations, brake specific fuel consumption and torque.

Using (NSGA 1I) the Pareto frontiers are found for different
engine speeds. After finding Pareto fronts, optimal exhaust
valve timings are proposed for two different engine working
cases:

1. Low brake specific fuel consumption, at which the target
of optimization is to minimize the brake specific fuel
consumption

2. Low NOx emission which the target is to diminish the
NOx concentration in exhaust gas.

It is concluded, using EVVT would result in a decrease in
NOx emission and brake specific fuel consumption. The
average reduction of NOx concentration and brake specific
fuel consumption are 71 and 6%, respectively.
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DEFINITIONS/ABBREVIATIONS

A/F

Air to Fuel
A

Area (M 2)
Ay

,
Reference area (/7 )

atm

Atmosphere

Discharge coefficient

Specifics heat at constant pressure (J /kg.K )

Specific heat at constant volume (J kg K )

Valve diameter (/1/11)

kJ | kg

Specific energy ( )

Energy (J )

Special enthalpy (J /kg )

Horse power (hp )

Valve lift (711

Mass (kg)

Leakage mass (due to blowby) (f{g / SeC)

kg/ sec)

Mass flow rate (


http://www.sae.org/technical/papers/870453
http://www.sae.org/technical/papers/2009-01-0936
http://www.sae.org/technical/papers/2004-01-0531

NOx

Pb

u

C
~

Nitric oxides

Pressure (Pa)

Stagnation pressure (P a)

Brake power (hp )

Pressure at the restriction (P a)

Heat transfer (/)
Gas constant (K8 / K/.K
Temperature (K )
Volume (7 3)

Burning velocity (7 / sec)

Root mean square turbulent velocity (/7 / S€C)

Mean piston speed (/71/S€C)

Work transfer (J )

Temperature exponent

Br

Pressure exponent

Fuel to Air equivalence ratio
Crank angle (degree)

Specific heat ratio

3
Density (kg /m )
Acronyms

aBDC
After bottom dead centre

AFR
Air/Fuel equivalence ratio

aTDC
After top dead centre

BDC
Bottom dead centre

bmep
Brake mean effective pressure

bsfc
Brake specific fuel consumption

bsNOx
Brake specific NOx

bTDC
Before top dead centre



CA

ECU

EGR

EVC

EVO

EXP

GA

ICE

IGR

IVO

MOP

PPM

RON

RPM

SA

SI

Crank angle

Electronic control unit

Exhaust gas recirculation

Exhaust valve closing

Exhaust valve opening

Experimental

Genetic algorithm

Internal combustion engine

Internal exhaust gas recirculation

Intake valve opening

Multi-objective optimization problem

Particles per million

Research octane number

Revolution per minute

Spark advance

Spark Ignition

SIM
Simulated

TDC
Top Dead Centre

VVT
Variable valve timing

WOT
Wide open throttle

Subscripts

0
Reference condition

b
Burned
S/
Flame
l
Laminar
t
Turbulent
u
Unburned
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