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tion system

To reach the impose requirements, different model based

Abstract warm-up control strategies are designed. To this aim, an im-
. L . oved version of ICE and TWC models presented in [1] are
Atmospheric pollution is an open problem that hits above ﬁLed. In the following the ICE model is briefly described point-

the cmes._ It_|s cause_d b_y different factors, as exhau_st gas of mrge out the improvements. Then two control strategies aimed
cars. To limit the emission level a three way catalytic convert{e

. 0 minimize pollutant emission are shown. Finally a new con-
is used to post-treat exhaust gases produced by combustjon. . s
- X -~ _1rol'system working on a secondary air injection in the exhaust

The catalyst efficiency depends on the operating point; particu- . : . 4 S .

: anifold is presented. By using this new actuation it is possi-
larly during the warm-up phase the largest amount of pollutan ;
. . . e to reach higher performances of the whole system. All the
is produced because the catalyst is not properly working. An

appropriate control strategy is necessary during this phase!O n posed strategies are compared by simulations on real data.
order to minimize dangerous emissions. In this paper, different

innovative control strategies, designed for the warm-up phage, Plant Model

are presented. Firstly a simple controller, based on PI regula- . . _
tor, is compared with a more complex controller realized usiurﬁe design of new regl time appllcatlpns, as warm-up con-
the LQ technique. Finally, a secondary air injection on the e%. llers, starts from reliable mathematical models of the dy-

haust manifold is considered and the two control strategies Segnic behavior Of_ the SI-ICE and the catalyst. Her_e we present
implemented with this new control input an improved version of the plant model presented in [1]. In the

following we briefly introduced the ICE model highlighting all

Regular paper. the new features. The TWC phenomenological model can be
found in [1].
1 Introduction The scheme in Figure 1 represents a control oriented model

of ICE. It describes the combustion process without including

Combustion in a Spark Ignition Internal Combustion Engmf%el and air dynamics across the manifold. System inputs are

(SI-ICE) causes the production of pollutants, mainly nitrogen ) : : ; ;
. . alr mass flow raten,, air/fuel ratio A entering the cylinder,
oxides,NO,, carbon monoxide, CO, and unburned hydrocar- . . .
stgark advance angte Since the engine speeds determined

bons, HC. Since 1971the.Europe'an Commqnltylmposed IImf)y the driver commanding the torque, it is considered in this
for the pollutants production, which are periodically let down

. . odel as an input. In the following, the blocks composing the
to try to reduce the atmospheric pollution. In current technom N INp g P g
v(\éhole engine model are presented.

ogy vehicles, a Three Way Catalytic Converter (TWC) place

on the exhaust manifold, is used to reduce pollutant emissio =, __, o | g
The TWC efficiency depends on the operation point, such 2 penes e " g . .

. . .. o HCpre
device temperature and air-fuel ratio in the feedgas. The cc Combustion |y Thermal | | Unburned %
version efficiency i 9 —* Comb i T Bpgrocatbons

y is more than 98% only for warmed-up cat , ombustion : -
| . . . . i . . * Efficiency T /1|
ysts and in presence of stoichiometric air-fuel ratio. Obvious,, —+| - ; .

. . . q 4 . Cool cool
these conditions can be not achieved at the engine cold-s g Doesmic 1
and TWC transient thermal phase. New restrictions impos ,
on emissions require the design of new control strategies. . , e el rabioriyramis 1,

innovative warm-up control system, not yet available on cor..-
mercial cars, has to guarantee:

Figure 1:Engine model.
e an earlier activation of the TWC;

The blockBurned fuelcomputes the fuel chargsy,, actually
¢ air-fuel ratio regulation around the stoichiometric value;burned during the combustion. Supposing that only the air-fuel



mixture that is in a stoichiometric ratio participates actively tdhe unburned hydrocarboA3C are calculated, in the right-
the combustion process, if the air-fuel mixture is leAn 1) most block, as a function of the feedgas temperailrg, air

all the fuel in the cylinder takes part at the combustion,(= mass flow raten, , spark advance, engine speed and air/fuel
1, /AsT/\); conversely, in rich conditionX( < 1), an amount ratio A, through a black box model (see [1] for further details).
of fuel equal to thel4.6-th part of the cylinder air is burned

. . The air/fuel ratio dynamids described by taking into account
(mfe = ma/AST)- y y 9

both combustion and transport delay

The blockCombustion efficienagstimates the efficiency of the

enginey);, in transforming the chemical energy of the fuel into ArG(t) = A(t = 6) + n(t) + d(t), (7)
mechanical energy through combustion. It is function of the

engine operating point and the distance between the real gvh réArg is the feedgas air/fuel ratia is the total delay,
the nominal value of the spark advar(ée- 6+ ); 6 is the nom- nrﬂ is the white noise with zero averag&t) mimics injection

) . ncertainties.
inal value of the spark advance for the production of the torquCe tainties

from the combustion (see [1] for further details). All the parameters in the previous equations are identified
through both classic recursive and nonlinear least square al-

The blockCombustiorestimates the effective torqdg gener- gorithms [2] .

ated by the combustion, as

T MheQuy 1) 3 Warm-Up Control
n
where the quantity of energy generated by the combusti¥fgrm-up control strategy commands the engine in order to
of the fuel and not transformed into effective powét, — Minimize the polluting emissions at the TWC outlet. Here

ns)1heQuy, is dissipated as heat. A part of this thermal enerdlpe controller mainly works on the spark advance angle,
warms the engine mechanical components while the remainffigfast increase the feedgas temperature: by reducing spark

part is transferred to the exhaust gas. It is supposed that @ance angle, combustion efficiency decreases, consequently
quantity of energy that is transferred to the exhaust gas is heatlosses are higher and thus contributes to the feedgas warm-

ing. Obviously, this strategy reduces the effective produced

Qu = B(1 — ne)1heeQuv, @ torque and, in order to ensure driver requirement, this has to
while the energy transferred to the coolant and the environm&§;compensated by increasing the air mass flow rate supply to
is cylinders (see equation (1)). The peculiar use of spark angle

Q=(1-B)(1 - n)rieQuv. @3 and air mass flow rate generates an extra-pollution, that should

- ) _ _ n be compensated by earlier activation of catalytic reactions. It
The coefficients describes the time-varying partition of theryg g crycial to balance this two tendencies, increasing feedgas
mal energy as a function of the coolant temperatiig.ol-  temperature vs. extra-pollution, in order to optimize the results
During the cold start the part of the heat which goes toward t§eyhe control strategy so to minimize the total amount of outlet
engine is approximately5% of the total dissipated heat ; 0nc&5tayyst emissions. Moreover the controller also regulates the
warmed up Ccoo1 has reached the steady state valug.inax)  jnjection duration in order to guarantee a stoichiometric mix-

we assume that half of the heat is directed toward the engii€. and. thus. as well known [3], maximum TWC conversion
and half to the exhaust gas. More precisglgepends linearly efficienc;/. ’ '

on Tcool
All the control strategies that will be presented in the following
B(Teoot) = Bo + Kp(Teoot — Tenv), (4)  feed back measurements of feedgas temperaiiife,,, and
whereKs = 0.25/(Teooiax — Tenv)s o = %. air/fuel ratio, A\rcim, (S€€ Figure 2). Notice that air/fuel ratio

_ . measures used in this work refer to a linear pre-heatsensor,
A simple phenomenological model, encloseddoolant Dy- (UEGO - Universal Exhaust Gas Oxygen). In the controller de-
namic block, describes the engine thermal dynamic. Thggn, thermocouple dynamics are neglected, while a first order

coolant temperature has been chosen as representative ofife@r system models the UEGO sensor dynamic behavior.

engine temperature behavior as ) . )
Since on-line pollutants analyzer are not available on commer-

Teool = doQ — di(Teool — Tenv)- (5) cial cars, no feed-back loop is closed around the TWC (see

In our approach, we model the effect of the coolant contrgigure 2). Thus, in this work, the TWC dynamic model is only

normally implemented on a real car, simply by inserting aséE’ed for tuning the controller parameters and for strategies val-

uration for the maximum value of the coolant temperature. idation and comparison.

The blockThermal dynamienodels the dynamical behaviorofIn this work_, as eready mentioned, we (_1e5|_gn two different
the exhaust gas temperatufBy¢. The inputs of this block systems by including or not a second air injection in the exhaust
are heat flow (equation (2)) generated by combustion, coolgwim'fo'd' For each system, two control strategies are designed
temperaturd..;, and engine spead and the performances are compared. The strategies are also
oon compared to the controller really implemented in a commercial

Tra = a0Qu — a1n(Trg — Teool)- (6) carin order to test the effectiveness. The performances regards
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Figure 2:Control scheme.
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the first 300 seconds of a standard European drive cycle (EC i ‘
Economic Commission for Europe, cycle). Experimental dat 1e0p // 3 1
were furnished by Magneti Marelli for a Golf 1600 cc engine. - |

150*/

On a commercial engine, different controllers with different ] ‘ ; . ‘

. .y . . . 40 45 50 55 60 65 70
priorities simultaneously run in order to ensure the optima time s
working in all operative points. In particular idle speed con-

trol is activated when the engine speed is lower than a ﬁx?ﬁjgure 3: Feedgas temperatur@re [°C], when it is applied re-

thresholq t‘? avoid exti!’lct.ion. Usually idle speed CO“"?' h%ﬁeetively the PI controller (solid line) and the commercial controller
higher priority than emission control, thus our controller is dggotted line).

activated during idle and the commercial controller drives the
engine. Finally, our warm-up controllers are completely deac-
tivated once the feedgas temperature reference, a paramete
be chosen, is reached.

All the warm-up control strategies proposed in this paper wor| ooz ; //N\\ ]
in different manners on the spark advance angle, while ha ol /M
the same control approach for the regulation of air mass flo I St 3
rate and air/fuel ratio. In particular the air/fuel ratio controller, o = - . y . .}
aimed to ensure the stoichiometric mixture, is a Pl regulatc @ tme fsec)
with anti-wind-up scheme and a feed forward action equal t 001
1. The in-cylinder air mass flow ratey,, necessary to com-

pensate the torque reduction, is computed by a feed-forwa

action as follows

THC at catalyst inlet [g/sec]
o
=t
o
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THC at catalyst outlet [g/sec]

1 when A <1
Figure 4: Total unburned hydrocarbons at catalyst inlet [g/sec],
whereT,;; is the reference torque driven by the driver. THC,re (a), and Total unburned hydrocarbons at catalyst outlet
[g/sec], THC,ost (b), when itis applied respectively the Pl controller
(solid line) and the commercial controller (dotted line).

3.1 Pl controller
This first strategy for the regulation of the spark advance A& about the5s-
based on a simple approach. Goal of the controller is to reg
ulate the feedgas temperatlreg to an appropriate reference

th second there is the biggest effort of the
arm-up control in increasing the feedgas temperature (see

T To this aim th K ad le is determined igure 3) corresponding to a significant increase of the un-
Feiie. 10 IS aim the spark advance angle IS determined gy ., 4 pydrocarbons production (see Figure 4(a)). This is effi-
a PI controller, realized with anti wind-up scheme, and a feed-

. : ently compensate by the earlier activation of the catalyst (see
forward action equal to the nominal value of the spark advan'gfgure 4(b))

angled*. As already mention this action obviously deteriorate

the combustion process increasing the heat production. TResults on the amount of the Total Unburned Hydrocarbons
torque reduction is compensated by working on the air mad41C) emitted in the air is reported in table 1: with respect to
flow rate (eq. (8)). The Pl parameters are tuned with a puihe commercial controller, a THC increase of 0.72% at catalyst
posely designed genetic algorithm [4]. In Figures 3 - 4 thglet and a THC decrease of 1.41% at the catalyst outlet can be
PI controller and the commercial controller performances aneted.

compared on the range between #ti¢h and ther0th second



3.2 LQ controller

The LQ warm-up controller improves the results obtained witt
PI regulator. Details on the whole LQ warm-up technigue ca

THC at catalyst inlet [g/sec]
)
o
S

be found in [5]. Here we just briefly highlights that the LQ f\ /
control works on a linearized version of the engine model pre A &
sented in the section 2, aimed to optimize the following cos % = = = e — -

(a) time [sec]

function

0.012

=
=
T

0.008 -

Al |
0.006 - : of
. . . ) 0.004%%4\ : / ! i
where Q and R are the weight matrices. The control input i oozl LY | o
computed as )5 i T 5 ) 3 70

(b) time [sec]

V= %/[(TF‘G — Traur)’Q + (0 — 6%)?R]dt,  (9)

THC at catalyst outlet [g/sec]

o

Oopt = —R'BTPTrg — R7'BTb + 6, (10)

Figure 6: THCy:. (a), andTHCos: (b), When it is applied respec-
where P is obtained solving the algebraic Riccati equation; Btigely the LQ controller (solid line) and the commercial controller
the input matrix in the linearized modelTr¢ is the distance (dotted line).
between current feedgas temperature and linearization point;
the controller parameters are tuned with a genetic algorithm.

In the following figures a comparison between LQ strategy andy Secondary air injection modelling

with the commercial controller is shown .
To investigate about the possibility of an improvement in the

results of the previous strategies, here we suppose to arrange
a secondary air injectiony,o, in the exhaust manifold. This
injection could cause another combustion in the exhaust mani-

//// fold, producing two useful effects for the warm-up phase:

300

N
o
3

e a faster increase of the feedgas temperature, due to the
/ heat produced by second combustion, entirely given to the
| feedgas.

/ e the reduction of THC as input of the catalyst;

Feedgas Temperature [°C]

N
>
3

— e Since we do not have experimental data referring to this plant,
- we make same reasonable hypothesis in order to develop a
o 4‘5 % 5 & &s 0 model for this new system:

time [sec]

1. the secondary air injection is used only during the warm-

Figure 5:Tr¢ [°C], when it is applied respectively the LQ controller up phase;

(solid line) and the commercial controller (dotted line).
2. the secondary combustion could only happen if the mix-

) ) ) ] ture temperature is sufficiently high (we suppose a thresh-
In the Table 1 is shown a numeric comparison of the engine g of 150°C).

performances, when it is equipped respectively by LQ, Pland _ _ _ .
commercial controller. With the LQ controller there is an 3. if, during the second combustion, the mixture is lean,

0.44% increase of THC at catalyst inlet, and a 4.37% decrease burns the 50% of THC in the feedgas, otherwise burns
of THC at the catalyst outlet. the 50% of the THC that are in a stoichiometric fraction

with mys.
LQ Pl Com. LQ PI
JTHCye | 3.441g| 3.451g| 3.426g| 0.44% | 0.72% 4. the secondary combustion happens with a probability of

[THCypos: | 0.678g| 0.699g| 0.709g | -4.37% | -1.41% 70%.

In Figure 7 is shown the secondary combustion block.

Table 1: Comparison between LQ, Pl and commercial (Com.) con- . o ]
troller. Percentage values refer to variation from the commercial coh€ Inputs are air/fuel ratio in the feedgase¢), first and
troller performances. second air mass flow raten(, andmy,s), feedgas temperature

(Trg) and unburned hydrocarbons in the feedgas (THC).



= E 3.4 Pl controller with secondary injection

m, ——# Modified 4 TG

" " e | & This control strategy is simply obtained combining the con-
Eurne itiona 1 . . . .

T;'g THE het [ troller described in section 3.1 and a feed-forward action that

computes the air mass flow rate to be injected in the exhaust
) manifold (see eq. 15). In particular, the spark advance angle
Figure 7:Secondary combustion model. and the air/fuel ratio are calculated with a Pl regulator realized
with an anti wind-up scheme, aimed to control respectively the
feedgas temperature and the air/fuel ratio of the mixture. The
The blockModified) computes the new value for air/fuel ratioair mass flow rate inside the cylinder is, once more, determined
Mea, due to the secondary air mass flow: to compensate the torque reduction, as described in equation 8.
. . In Figures 9 - 10, a comparison between this control strategy
’ m, + Myo . .
rG= ——x (11) and the commercial controller is shown, on the range between
(ha/Arc) 30 and70 seconds.
The blockBurned THCcomputes the hydrocarbons that are
burned for the secondary combustidtCy,:

300

280 ' B

-~ 4 > 1 260 :
. / FG — i
THC, = 112 )] Arg Trg > 150°C.  (12) / |

2 AsT
1 Apg <1

N
IN]
=]
T
L

The blockAdditional heatcomputes the he#&), produced by
the secondary combustion:

Feedgas Temperature [°C]
= N
» S
3 3
T
I

=)
3
T

e

Q2 = Quv - THCy,. (13) ol | |
This heat warms the feedgas, thus equation (6) can be modifi 120p ]
as 100 . . . \ L . j
TFG = aoQu — alll(TFG — TCOO]) —+ aQQQ- (14) time [sec]

The new engine model is used in a feedback control SySteszfl&ure 9: Tr [°C], when it is applied respectively the PI con-

shown in Figure 8. troller with secondary injection (solid line) and the commercial con-
troller(dotted line).
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Figure 8:Control scheme with the secondary air injection.
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As before, we compare the performances of two different cor
trollers which work on the spark advance angléPl and LQ
controllers). The on-line available measurements are feedg
temperatureTr¢) after the secondary combustion and air-fuel
ratio in the feedgas before the secondary combustion. The fee , ‘ ‘ L
forward action for the second air injection is computed as % % 5 imejen
fraction ofmi,,

0.008 }\\'\

\
0.006 - \r\\/

. . . . ;
]
i
1
. %
Y At
i
0.004 \\ / i
e i 4\
A N
. .
0 4 55 60

0.002 -

THC at catalyst outlet [g/sec]

I
65 70

. i,
Ma2 = [0 (15) Figure 10:THCpr. (@), andTHCyost (0), when it is applied respec-
\équ the PI controller with secondary injection (solid line) and the

The controllers parameters are again tuned with purposel H
b 9 purp y mercial controller (dotted line).

signed genetic algorithm. As before, in the idle speed phase #®e'
engine is driven by the commercial controller and the warm-up
controller is definitely deactivate when the feedgas temperatwie about the 37-th second, the feedgas temperatgc
has reached its reference.



reaches the threshold value for the combustion in the exhat
manifold (see Figure 9), and the controller starts to inject ai
in the manifold. According to equation 12, the unburned hy:
drocarbons in the exhaust manifold burn causing an extra he
production that warms the feedgas and the catalyst quickly (s
Figure 9). Moreover, as an other consequence of the seco
combustion, the THC at the inlet of the catalyst are reduce
(see Figure 10(a)). Numerical results on the amount of TH(
at the outlet of the TWC, with respect to the commercial con
troller, shows a decrease 06f82% at catalyst inlet and a de-
crease of’.89 at catalyst outlet (see Table 2).

3.5 LQ controller with secondary injection

The LQ control strategy, purposely designed for this syster
configuration, improves the Pl regulator performances previ-

ously described. The LQ technique is been described (see $dgure 12:THC,,. (a), andTHCpost (), when it is applied respec-
tion 3.2) so as the management of the other control inputigely the LQ controller with secondary injection (solid line) and the

THC at catalyst inlet [g/sec]

THC at catalyst outlet [g/sec]
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air/fuel ratio; air mass flow entering in the cylinder (see eqommercial controller (dotted line).

8); secondary air mass flow injected in the exhaust manifold

60 65

70

(see eg. 15).

LQ PI Com. LQ PI
In the following figures, simulation results are plotted com; [THC,,. | 3.372g| 3.398g| 3.426g| -1.58% | -0.82%
pared to the commercial controller performances. Finally, in [ THC,..: | 0.641g| 0.653g | 0.709g | -9.59% | -7.89%

Table 2 is shown a numeric comparison of the engine perfor-
mances, equipped respectively by LQ, Pl and commercial con- . _
troller. With the LQ strategy there is an 1.58% decrease of TH@bIe 2: Comparison between LQ, PI and commercial (Com.) con-

at catalyst inlet, and a 9.59% decrease of THC at the catal rgper. Percentage values refer to variation from the commercial con-
outlet ’ . roller performances.

5 Extra Nomenclature

A
AsT

/
Quv

220} / 1 Teny

air/fuel ratio, normalized to the stoichiometric value ([/])
stoichiometric air/fuel ratio equal tbl.6([/])

fuel low heating value equal t6

environment temperature®])

S—

References

| [1] G. Fiengo, L. Glielmo, S. Santini, and G. Serra, “Control
— | oriented models for spark ignited engines and twc during
the warm-up phase,2002 American Control Conference
2002.

Feedgas Temperature [°C]
=z 3
8 5]
T
R

=

2
T
\

I~
S

100,
30

! I ! 1
50 55 60 65
time [sec]

L I L
35 40 45

[2] S. Bittanti, Identificazione dei modelli e controllo adatta-
tivo, Pitagora Editrice, 1997.

Figure 11: Trc [°C], when it is applied respectively the LQ con-[3] John B. Heywood, Internal Combustion Engine Funda-
troller with secondary injection (solid line) and the commercial con- mentals McGraw-Hill International Editions-Automotive
troller(dotted line). Technology Series, 1988.

[4] L. Davis, Handbook of Genetic Algorithm¥an Nostrand

. Reinhold, 1991.
4 Conclusion

] ] ] [5] G. Fiengo, L. Glielmo, S. Santini, and G. Serra, “Control
In this paper different refinements of a warm-up control strat-" ¢ the exhaust gas emissions during the warm-up process
egy for the cascade SI-ICE/TWC were presented. Future work o 4 twe-equipped si-engine nternational Federation of

in this research field will concern with implementation of the A tomatic Control 15th World CongresBarcelona, Spain
controllers on a vehicle. 2002.



	Session Index
	Author Index



