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ABSTRACT

We present a controllable model of an internal combustion engine that captures the
overlapping of the cylinder valves as a controllable parameter and its effect on engine
efficiency and EGR rates. The model parameters have been calibrated for the EF7 engine
and validated with experimental data. This model successfully estimates the performance
and HC and NOx emissions concentration of the engine under cold start operating condition.
A model-based fuzzy-threshold control strategy has been proposed in cold start operating
condition. This strategy uses the overlapping angle of the cylinder inlet and outlet valves as
an extra degree of freedom in comparison to the regular PID strategy in order to accelerate
the warm-up duration the catalyst converter while reduces the exhaust harmful emissions
during the warm-up phase. The proposed controller model has been verified in MATLAB
Simulink environment and simulation results indicates 8.6% reduction of the start-up time
of the catalyst converter and reduction of 3.5%, 8.5% and 7% of HC, NO and fuel
consumption respectively during the catalyst warm-up phase.

Keywords: Cold start; engine control strategy; VVT system; fuzzy-threshold controller;
emission reduction.

INTRODUCTION

Today, air pollution from vehicle emissions is increasing rapidly, particularly in large cities.
One of the most polluting situations during vehicle operation is the cold start duration. For
modern vehicles equipped with a spark-ignition engine come with fuel injection and
electronic mixture control, in combination with a three-way catalyst, fuel consumption and
cold start extra-emissions detected during the cold transient time are deeply higher compared
with those obtained during thermally stable operation [1]. Cold start duration begins from
the cold vehicle startup (A car that had been switched-off for 12 to 36 hours in an
environment with 20 to 30 degrees Celsius [2]) until the catalyst warm-up to its working
temperature. The warm-up and the cold transient are crucial periods of gasoline engines
operation. These periods have the highest contribution to the vehicle's pollution for several
reasons. Due to increased friction of the engine in cold transient time, stable engine operation
demands rich air to fuel ratio outside the optimum range of catalyst efficiency [3], besides,
liquid fuel impingement on cold surfaces of the engine, resulting in an undesirable fuel-air
mixture [4], finally low conversion efficiency of the catalyst before warming up yields to
high emission level in these phases [2].

To develop a control strategy aimed at reducing harmful emissions in the cold start
phase, we need a suitable and controllable engine model in this phase. Several mean value
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and controllable models have been proposed to catch cold start operating condition by Farzad
Keenezhad, Chris Manzi and their colleagues in [5-7]. These models have been presented
for designing controllers to improve emissions, fuel consumption and performance of cold
start condition. In [8,9] an approximate model, called the high-level model is presented by
Carl Hedrick and his colleagues. In [10,11], the controllable models of an SI engine were
presented in cold start phase, this model was further used to reduce emission and fuel
consumption in the cold start phase. These models have an experimental basis, but they have
not including the effect of intake and exhaust valve overlapping (VO) on air pollution and
volumetric efficiency. Moreover, the models of the exhaust path, particularly, the model of
catalyst temperature, are very complicated and requires calibration of many parameters [6].

In [12], a physical model of the Sl engine was presented then, a fuzzy control
algorithm was developed, and results demonstrated the effectiveness of this control method.
We propose a simple model for engine operating during cold start. The strength of the
proposed model in comparison to the existing models is its ability to model the effect of VO
on the volumetric efficiency, as well as the engine speed, and on the EGR rate. Using VVT
system and the VO mechanism, especially in the cold start phase, the volumetric efficiency
of the engine is increased, and thus the engine speed and exhaust gases flow are increased,
and the catalytic converter is heated up faster and reduce cumulative exhaust emissions.
Besides, the EGR (exhaust gas recirculation) can be applied with proper control of this
system and therefore NOx and HC harmful emissions are reduced [13, 14]. This control
strategy is applied in the form of a controller called the fuzzy controller to the model. In this
controller, the spark ignition angle is controlled based on fuzzy inference, because these
types of controllers are appropriate for controlling nonlinear systems [12]. Besides the VO
angle is controlled by a specific threshold of engine speed.

ENGINE MODEL IN COLD START

The top-level structure of the model is shown in Figure 1. This model consists of three main
sections. The first section is the mean value model of engine, the second section is the
exhaust system temperature model and the third section is the exhaust emission model that
calculates harmful emissions such as NOx and HC.

Driver Mean value model

Stepper motor _, Throttle open area(At) Engine speed (N)
Air fuel ratio Air fuel ratio .
Spark Angle ] Spark Angle Mair » Air mass flow .
Valve Overlap VO Pm | Teatalyst
angle (VO) | » Spark Angle >
Air fuel ratio Texhaust gas

Temperature model

N

—* Intake Manifold Pressure — HC
Air fuel ratio
* Spark Angle L+ NO
VO

Exhaust emissions model

Figure 1. Top-level structure of the model.
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Carbon monoxide (CO) has the same behaviour as unburned hydrocarbons pollutant.
So, to reduce the modelling complexity it is excluded [15, 16]. Table 1 and Table 2 list

equations related to the mean value model of the engine.

Table 1. Mean value model equations for the air mass flow, manifold pressure and engine

speed calculations.

Equations Parameters
Air mass flow into inlet manifold [6] Pamb | ambient pressure
1\95 (1) | Taw | ambient
. 1 7 aml
M i :CDAtPamb Pin ) x 2y 1-( Pin )7 temperature
JRT..  Pam y-1 Pob Pim | intake manifold
pressure
Y specific heat
Cp =aA’+a,A +3, 2) capacity ratio at
a ,a,,a, : calibration coefficients for nonlinear relation of constant pressure
to constant
air mass flow to throttle open area volume
A throttle open area
(main and bypass)
R constant gas
Co throttle discharge
coefficient
Flow of air /fuel mixture entering the cylinder B stoichiometric
. 1 3) air/fuel ratio
Moy = (—ﬂ ](S|0p x P, —ofs) VO | valve overlap
B angle
N engine speed

slop = (%(Vo —6)—2.44)( N _992)+(E)(Vo ~6)+453 @

512 9
of , +0,(1504—N )of , =) (N —992 (5)
ofs = x +of,
0,(N —992)of, —of 512
0.41 ~1.44

oflzT(VO—6)+3.34 of2=T(v0—6)+5.78

0,,0, : calibration coefficients

1

slop and ofs based on
measurement data from
vehicle under different
conditions as a function of
engine speed and valve
overlap angle. These
parameters are stored in
ECU (Electronic Control
Unit) as look up table.

ofi2 | VO effects on ofs
Inlet manifold pressure [6,10] V.. inlet manifold
_ _ . . (6) volume
%ZEX[M i (Cercm]_Mcy,cpl C, | specific heat
ot Vi B capacity at
constant pressure
Coruel | Specific heat
capacity of fuel
Engine speed [6] . | produced torque
oN _ Zerank — Ttric — Thrake (7) r,.. | frictional torque
ot J
T brake torque

moment of inertia
of crankshaft
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Table 2. Mean value model equations for engine torque and efficiencies of the engine

Equations Parameters
Produced torque [6,10,17,18] Q,, | lower heating value
. (8) of the fuel
r -0 M o " " indicated efficiency
crank X LHV (1+B)N of the engine
Indicated efficiency of engine [17] ¢ spark angle
- ~e (N )e(2)e(d)e(P.)e(x ©) _ | exhaust gas
n=e(N)e(2)e(9)e(Pn) ( egr) % recirculation rate
The dependence of ;i on N [17] A ?acilir?allsed air-fuel
e(N)=—(n,)’N2+n,2=(n,) (10) 0 n.: Calibration
coefficients
11,1, : Calibration
The dependence of #ion A [17] coefficients
2 2 11
eu): () A-(1,) 4<1 (1) MBT: the ignition angle
1 1< A produced the maximum
brake torque
The dependence of #i on ¢ [17]
2 2 : calibration coefficients
e(¢)=1-(f,)° (4—MBT) 12) | P
f, : calibration coefficient
IO :inlet valve open angle
The dependence of #i on ¢ [17]
The dependence of #i on Pin [5,6] (13)
€ (Pim ) = pl>< I:)im
The dependence of i on X, [17]
14
Xegr = VO ( )
1+ P x(10 -2xVO)
2P,
if X, <5% then e (xegr ) =1
The frictional torque [6] Ny number of cylinders
rlcyIVS y (15) .
T =——P. | N, Mar, T V, cylinder swept
4 volume
6 e m (16) P, | frictional mean
Pine =T Y DIN“ M ai effective pressure
i=1 T, | coolanttemperature

b, ... b, : calibration coefficients

k and m are non-negative
integersand m +k < 2
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Exhaust System Temperature Model

The second part of the model estimates the mean temperature of the exhaust gas before the
catalyst converter and the mean temperature of the catalyst converter itself by using relevant
lookup tables stored in ECU. Figure 2 shows a flowchart for temperature estimation. At the
beginning of the cold start phase due to the large difference between the gas temperature and
the exhaust system (Outlet manifold, pipes, outlet connections and catalyst converter)
temperature, water vapour in the combustion gas is condensed in the exhaust system and
dew is produced. The dew prevents heat transfer from the combustion gas to the exhaust
system. Therefore, the temperature of the exhaust system does not change much before dew
evaporation. The temperature that dew is completely evaporated is a threshold called the
dew point. It depends on the cumulative amount of exhaust gas flow that can lead to the
evaporation of dew and calculated by the ECU as a function of ambient temperature and the
initial temperature of the engine coolant (Tco). In this algorithm, Ts is the steady-state
temperature of combustion gas, which is a function (f) of air mass flow (MAF), engine speed,
spark angle and air-fuel ratio in the after dew point condition and Ts in the under dew point
condition is a function of T, . Since the value of this variable in the cold start phase is lower
than its nominal value, then the value of this variable should be reduced as much as Tsub
(Which is a function of the T, and cumulative value of the air mass flow in the after dew
point condition and Tsyb in the under dew point condition is a function of T¢o). Ch is the heat
transfer coefficient between the combustion gas and the exhaust system, which is a function
of the air mass flow (all of these functions has been stored in ECU in the form of lookup
tables). The one-dimensional differential equations describing the Ts — Tsun and mean
temperature of the catalyst converter are based on [6], which equations are complex and
require calibration of many parameters. Next, the mean temperature of the exhaust gas (Tg)
is converted to the mean temperature of the catalyst converter by a calibration table.

(__start )
YES—‘!::IS condition colrd_‘f >—No
. start? _~ |
,'!‘ . \V‘x/" ' »
s Mg Calculate 7%,
—< Ts condition under ™o Toup =0

vEs - dew point? -

|

Calculate 7y, & e
P Ib‘llb(ﬂ) =
Tsub(n-]) -1 (AMF)

¢
Teiy) = Tgin-p+ Gy X ((Ts - Tsun) - Tyn-1))

e

("End )

v
Calculate 7,

Figure 2. Flowchart for catalyst temperature estimation.
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Exhaust Emissions Model

This part is based on a feed-forward dual-layer neural network that calculates the
concentration of harmful exhaust emissions such as unburned hydrocarbons and nitrogen
monoxide in ppm with accurate precision. Activation function for neurons of the hidden
layer is sigmoid and for neurons of the output is linear. The training algorithm, the number
of neurons in the neural network and the division of data (training=60%, validation=30%
and test=10%) are selected to minimise the error of the test data, without overtraining. For
this purpose, numerous data sampling from exhaust emissions and engine parameters have
been executed. The obtained data are used to verify the performance of the neural network
and to verify the lack of overtraining. Table 3 shows the neural network specifications and
normalized root mean square error (NRMSE) [6] and the linear regression (R) obtained for
the test data. Model inputs for calculation of unburned hydrocarbons and nitrogen monoxide
emissions are based on (17), (18) respectively [6]:

HC = f(Py, ,A,VO,N , ¢) (17)
NO = f(Pyn ,AVO,N , ) (18)

Table 3. Neural network specifications.

HC NO
Training algorithm Trainbr Trainscg
# of hidden layer neurons 9 40
NRMSE 0.014 0.022
R 0.9989 0.9984

Experimental Setup

Measurements are performed on SAMAND vehicle with the EF7 engine, with the
specification listed in Table 4. To prepare the experimental setup, As shown in Figure 3(a),
two temperature sensors have been installed in the exhaust system, first, one at the end of
the outlet manifold and the second one is located inside the catalyst converter, to measure
the mean temperature of the combustion gas and the catalyst converter. Besides, a wideband
oxygen sensor (UEGO) was installed and at the entrance of the catalyst converter and pre-
heated to measure air to fuel ratio during the cold start with high accuracy. To test at the cold
start, the vehicle engine had been shut off for about 20 hours. Data sampling is performed
with no load on the engine (idle operating state). The ambient temperature, engine coolant
and engine oil have been measured at a starting point (25°C).

The arrangement of the test setup used for data sampling is shown in Figure 4(a) and
4(b). To measure the exhaust emission concentration, AVL DITEST GAS 1000 gas analyser
has been used and shown in Figure 3(b). To completely eliminate the effect of the catalyst
on the measured emission concentration, the exhaust gases have been sampled before the
catalyst converter.
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Table 4. EF7 Engine parameters.

Parameter Value

Cylinder 4

Engine displacement 1700 cm?®

Max power 84.26 kW @ 6000 RPM
Top speed 190 km /h

System cooling Water-cooling
Compression ratio 0.2:1

Valve 16

VO duration 0-60 CAD

Fuel system Electronic port fuel injection

“EXhaustgasinput

(b)

Figure 3. (a) Temperature sensor 1 and gas analyser interface pipe installed at exhaust
manifold and temperature sensor 2 and UEGO sensor installed at catalyst converter.
(b) AVL DITEST gas 1000

Figure 4. (a) Exhaust gas interface pipe and interface wire of sensors on vehicle.
(b) Equipment of data sampling and communication with computers.
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Calibration of Model Parameters

The parameters of mean value Sl engine model have been fitted to model using the measured
data and system functional characteristics and their fitting based on Eq. (19):

n 19
X = argmian[di(x) — D;]? (49)

i=1

where x is a calibration coefficient, which is obtained to minimises the sum of squared
deviation of the model (d) from the measured data (D) over several samples (n) [6].
Measured parameters used to determine the calibration coefficients are listed in Table 5. The
parameters of the exhaust system temperature model are extracted from the calibration
curves stored in the ECU.

Table 5. Measured parameter for calibration of the model.

Modelled parameter Measured parameter Calibration factor

Cp Ay a;,az,as

slop ,of s slop,of s 01,0,

Trric Trric by ... be

Ni Mcylle/l'Tfric v(nb’PimaVO ny,Ny,N3 'll'lz :fltpl

Model Validation

The output signals from three sections of the model (Section 1: [My;, | Mcyl , Py, N1,
Section 2: [Tcatalyst, Texnaust ], Section 3:[NOx emission , HCemission ]) have been compared with
the measured data as shown in Figure 5 to 7 respectively. These results confirm that the
proposed model follows experimental results with high accuracy. Table 6 summarises the
mean absolute percentage error (MAPE) of the model outputs relative to the measured
values. Average MAPE is 1.22% during 80 seconds from engine start at cold phase, and the
maximum MAPE is 3.02%, which is related to the simulation of NOx emission.

101 T T

-------- Measure
Model

Air mass flow (kg / s)

1

Time (s)

(@)
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Figure 5. (a) Manifold air mass flow, (b) air mass flow into the cylinder, (c) intake
manifold pressure and (d) engine speed (red line: model, black dotted line: measurement).

Figure 6 (b) shows that the proposed model, accurately predicts the mean temperature
of the catalyst converter before catalyst light on (Tcatayst < 700 °K). But above this threshold,
due to the exothermic reactions inside catalyst, its temperature increases, beyond model
prediction, but this is not an issue since we concern about the accuracy of the model only
during cold start phase.
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Figure 7. Engine-out (a) HC, (b) NO emissions. (red line: model, black dotted line:
measurement).

Table 6. Mean absolute percentage error (MAPE) of model output compared to
measurement results

Output MAPE (%)
Mair 0.537
Mcyl 0.560
p; 0.850
N 0.545
Teatalyst 0.419
HC emission 2.645
NO emission 3.020

Figure 8, shows that increasing the overlap angle of the inlet and outlet cylinder
valves - can reduce engine speed at engine speeds below 1000 rpm, but increases the engine
speed when the speed is above 1000 rpm (because at low engine speeds with increasing VO,
the volumetric efficiency and engine speed are reduced due to extra increased residual gas
[18,19]). This might be attributed to the variation of volumetric efficiency as a function of
valve overlap angle at different engine speeds [18,19].

Engine speed (Rad / s)
>
o

——VO0 =6 (CAD)
VO =12 (CAD)
80+
60
40
10 20 30 40 50 60 70

Time (s)

Figure 8. Influence of VO on engine speed.
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Control Strategy in Cold Start Condition

In conventional strategy [6,20], ECU applies a higher set-point for engine speed comparing
to warm engine, to achieve fast warm-up of catalyst converter and engine speed stability. To
achieve this target, ECU increases the opening area of the throttle valve and inject more fuel.
Besides, in order to increase exhaust gas temperature, the controller retards ignition angle.
Of course, retardation of ignition angle reduces the engine torque and speed, which is
compensated by opening up the air path and more fuel injection. The common approach is
to implement this strategy with a PID controller, which does not use the valve variable timing
(VVT).

We propose the idea of increasing cylinder inlet and outlet valves overlapping angles
(VO) during cold start. This results in the exhaust gas recirculation (EGR) rate. This method
leads to reduction of NOx and HC emissions and accelerate warming up of inlet manifold,
which in turn helps to homogenize the fuel mixture for better combustion [13, 21-24]. In
addition, the increase in VO improves engine volumetric efficiency at higher engine speeds
than normal idle engine speed and consequently increases engine efficiency and increase
engine speed [19]. Therefore, by increasing the VO during the catalyst warm-up phase, the
engine efficiency and engine speed can be increased more efficiently. Now, we may use this
efficiency factor, to apply more retardation of the ignition angle and to accelerated catalyst
warm-up phase [21], and reduce HC emission [13, 25].

Fuzzy-Threshold Controller

Following the former discussion, we apply a fuzzy-threshold controller based on the engine
model developed for cold start condition. This controller is similar to a regular controller,
except for VO and ignition angle, other input parameters are exactly in accordance with the
regular controller. The threshold controller is used to control the VO. This controller is
switched “ON” after in cold start condition and after passing the transient initial overshoot
and undershoot and when the engine speed increases to above a certain threshold (1250 rpm).
During “ON” condition, the controller increases the VO, which increases the engine speed,
and reduces NOx and HC emissions [13]. Next, the fuzzy control strategy is applied to the
ignition angle to increase combustion gas temperature. This controller also limits the valve
overlap angle based on EGR rate input. EGR rate is estimated by ECU and is limited to 5%
to ensure a certain minimum thermodynamic efficiency for the engine. [17].

Figure 9 shows the algorithm governing the VO controller. The parameter OP1 in
this figure represents the optimum VO for the engine speed in the warm-up phase that was
obtained to be 10.5 CAD from experimental results. The parameter OP2 is also the optimum
VO for engine speed in the idle condition of a warm engine that is 6 CAD.
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Figure 9. VO controller algorithm.

The input signal for the fuzzy controller is the difference between the reference
engine speed and the current engine speed. The fuzzifier is triangular and trapezoidal. Fuzzy
Inference engine for this controller is the minimum inference engine. This engine uses an
inference that is based on individual rules, the Mamdani's minimum implication, and the min
and max operators for all t norms and s norms, respectively. Therefore, this inference engine
generates a fuzzy output set for each rule and by integrating these sets, the final output set
will be achieved. Defuzzification is done by the centroid method, which is a commonly used
method [26].

Table 7. Fuzzy rules for spark ignition angle.

Input membership function Output membership function
NM BR

NS MR

PS SR

PM MA

PB BA

PVB VBA

The fuzzy rules in this controller are based on the expert's experiences and have been
written about the step response. These rules are designed so that whenever engine speed is
lower than the reference speed, the speed reduction is prevented by advancing the ignition
angle. In contrast, when the engine speed exceeds the reference speed, by retarding in the
ignition angle, it attempts to converge engine speed to the reference and raise the exhaust
gas temperature. The fuzzy rules are shown in Table 7. In the naming of the membership
functions, N and P mean Negative and Positive respectively, and S, M, B and VB mean
small, medium, large and very large respectively. A and R mean the retardation and
advancing in ignition angle respectively. Figure 10 shows the membership function for the
difference between engine speed and the reference speed (engine speed error) and the
membership function of the ignition angle.
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NM NS PS PM . PB PVB
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5 A0 _5 0 5 10
spark angle
(b)

Figure 10. Membership function of engine speed error (a) and spark ignition angle (b).

Closed-loop simulation of the model and the controller are performed using
MATLAB/Simulink software. To compare the performance of our controller with regular
PID controller, both controllers were applied to the model and the results were compared.
Simulation has also been performed under a critical engine operation condition to monitor
the controller's performance in critical situations. For example, after starting the engine due
to lack of proper control of the air/fuel ratio the engine speed drops fast and the engine shut
down, that the proper control of the ignition angle can prevent engine shutdown. Figure 11,
compare the engine speed sing both controllers, we observe that the fuzzy-threshold
controller, shows almost similar characteristics to PID during the start, except for a small
increase of the engine speed during transient undershoot, which is the positive feature and
help to avoid engine stall. More importantly, the catalyst warm-up function is deactivated in
our controller about 6 s earlier. Figure 12 shows exhaust gas temperature and catalyst
temperature, based on two-controller, it confirms that the catalyst converter has reached its
operating temperature about 6 seconds earlier using our proposed control strategy, which
leads to a reduction of fuel consumption and harmful emissions.

Figure 13 shows the emission of HC and NOx during cold start condition, the
cumulative concentration of HC and NOy emissions before the catalyst converter has been
reduced about 3.5% and 8.5% using the fuzzy-threshold controller operation, respectively.
Since the duration of the cold start has been reduced, the amount of fuel consumption in this
period has also decreased by about 7%. This result confirms that the proposed approach of
using VO as a new degree of freedom is useful for reducing harmful emission during cold
start. Another important feature of the proposed fuzzy threshold controller is that it can be
integrated easily in ECU for the vehicles already equipped with VVT.
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Figure 11. Engine speed obtained as a function of time during cold start. (red line: our
controller, black dotted line: regular PID controller)
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Figure 12. (a) Exhaust gas temperature during cold start and (b) catalyst temperature

obtained by applying the fuzzy-threshold and traditional controller (red line: our controller,
black dotted line: regular PID controller).
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——Traditional PID
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Figure 13. (a) HC emission as a function of time during cold start, (b) NO emission as a
function of time during the cold start (red line: our controller, block dotted line: regular
PID controller).

CONCLUSION

A controllable model of the internal combustion engine during cold start operating condition
has been proposed and validated with experimental data. The model takes into account the
effect of valve overlaps on engine efficiency and catalyst temperature. Using this model, we
proposed a fuzzy-threshold controller using valve overlap as an extra degree of freedom in
comparison to the regular PID controller. By increasing the VO during the catalyst warm-up
phase, the engine efficiency and engine speed increases. This efficiency factor can be used
to apply more retardation of the ignition angle and to accelerate catalyst warm-up phase, and
to reduce HC and NO emissions. This control strategy reduces catalyst warm-up time about
6 seconds (8.6%) and also reduces the cumulative concentration of HC and NO emissions
about 3.5% and 8.5% respectively. Also, the amount of fuel consumed during the catalyst's
warm-up phase has been reduced up to 7%. This controller might be implemented with small
modification on the software and calibration tables of the ECU for vehicles equipped with
the VVVT system.
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