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Abstract air/fuel ratio to operate properly. The air/fuel should be con-
trolled to a maximum deviation of approximately 3.5%

Environmental regulations and drivability issues are compared to the desired stoichiometric ratio.
driving forces in the development of control systems for au-
tomotive engines. Precise control of the air and fuel is fun-
damental for achieving the goals. Furthermore, the archi-
tecture for the controller plays a central role in how the
goals are achieved.

A comparison is made between two conventional con-
troller structures and a model based structure. The perfor-
mance of the different control structures is evaluated on a
simulation model. To point out the differences the evalu-2 Mean Value SI-Engine Model
ation is concentrated to transient conditions where a step
in throttle angle is used as input to the system. In addi-
tion, connections between controllers and the engine model
is discussed.

To test the different structures an engine model for
air/fuel control purposes which originally was developed by
(Hendricks and Sorensen, 1990) is described in detail. Two
conventional structures and one model-based control struc-
ture is discussed and compared.

There exists a large variety of models for phenomenain
the Sl-engine. For control purposes it is often desirable
to have a model with few parameters and a low order to

Keywords: Sl engine modeling, control system struc- 5 pjeve easy tuning to a given application (Hendricks and
tures, air fuel ratio control Sorensen, 1990).

1 Introduction Modeled properties in a mean value engine model
(MVEM) are averaged over one or several cycles (Nielsen
and Eriksson, 1999). Processes reaching their final value
there are several objectives to fulfill, such as emission, com—Wlthln 110 10 cycles are modgl(_ed as statlc' re_Iatlonshlps.
fort and performance requirements. For processes that rgaghe; their final value within 10 to 1000
The purpose of this paper is to describe the result of dif- cycles a state description is used.
ferent design structures of an engine control system. The InFigure 1 a schematic view of an Sl-engine is presented
focus is on air fuel ratio control, which is essential to ful- which will be further developed in this section. From left to
fill the emission requirements. Tuning of the controllers is right in Figure 1: 1y = air mass flow sensory = throt-
also an interesting topic since some controller structures re-tle plate angle),;, = torque applied to throttle plat@man
sults in systems which are very time consuming to tune. In = intake manifold pressure sens,an = intake manifold
the automotive industry today it is desirable to continuously temperature; s, = mass flow of injected fuel]},.4 = load
shorten the development time. torque on crank axl€l;,.; = net torque delivered to crank
In a modern pollutant control system a three way catalystaxle, N = crank axle speed\sensor= 0Xygen sensor before
(TWC) is used, which requires a very narrow band of the catalyst, and\,. = oxygen sensor after catalyst.

In a modern spark ignition (SI) engine control system
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Figure 1. A schematic overview of sensors 6000 N 6000 N
and actuators in a modern Sl-engine.

Figure 2. Example of how xj, and 7, vary with
engine speed N in rpm and intake manifold

2.1 Model Description pressure pman in kPa from (Bergman, 1997).

The air flows through the air filter to the restricting throt-
tle. In the throttle the flow is assumed to be isentropic and it
is described by Equation (1) and thep,) function which
limits the flow at low intake pressures. The fac®@«)
is a product of the discharge factok;(«) and the effec-
tive throttle aread(«). Since it is not easy to compute the
discharge facto€; and the effective area, they are usually
determined by measurements and lumped together into th
factorQ(«a) = Cy(a)A(w).

fuel x1, is deposited on the manifold walls as a fuel pud-
dle and the remainingl — xs,) of the injected fuel imme-
diately enters the cylinder together with some of the fuel
from the puddle. This is modeled in Equations (5) and (6)
Aquino, 1981). Thery, parameter is the time constant of
he fuel trapped in the puddle. See Figure 2 for an example
of variations in fuel parameters with changes in operating

. o conditions.
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The air is then stored in the intake manifold until it is in- e = (L= Xmp) gy + = Hp (6)

[i
duced into the cylinders together with the fuel. The mass P

air flow into the cylinders are modeled using the ideal gas
law Equation (3). To compensate for residual gases etc. in | g S)-engine the combustion reactants are air and fuel.

the cylinder a factoryo is introduced. The intake manifold \yhen they are combusted the total mass is conserved. It
pressure is modeled as a first order system described by thes iherefore sufficient to describe the ratio of the reactants

state variablgman in Equation (4). which is covered by the the mass of air/fuel rakio Con-
) Pa sider the fuelC, H,O,. reacting with airOy + 3.77N5 in
Mat = \/R—TQ(O‘)‘I’@T) 1) stoichiometric proportions, the products of this reaction is
Pman ’ shown below.
DPr = — (2)
Pa
b
Thae = vol (V, pman) PmanlV V4 3) C, HyO. + (a 4+ E> (O2 + 3.77N3) —
Ny R man 4 2
dpman o K . . b b C
dt = (mat - mac) (4) aCOs + §H20 +3.77 la+ Z — 5 Ny

The fuel is injected into the intake manifold in liquid
phase and is partially vaporized. A fraction of the injected The mass ratio of air and fue{l%)s can be calculated as
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Figure 3. Indicated fuel conversion efficiency o Jeng2T

for r. = 10 and 5 % residual gases. Start of
compression temperature is assumed to be
T = 388 K.

2.2 Sensor models

In Equation (1) air mass flow sensor, intake manifold
pressure sensor and the oxygen sensor is shown. Models of
sensors and their characteristics will be briefly discussed.

2.2.1 Air Mass Flow Sensor
shown in Equation (7).
The bobbin type of air mass flow sensor has a response
time in the order ofl 0 ms to60 ms (Hendricks et al., 1994).
<A) A model for the bobbin type of sensor is shown in Equa-

= tion (15), whereX of the step belongs to the fast character-

F
istics and the remaining part by the slower response.

(a+5%—5)(2-15.9994+ 2 - 3.77 - 14.0067) @)
a-12.011+b-1.008 + c- 15.9994 T X 2 Ve @)
onser STimge T 1 STmgow 1 1
2.2.2 Manifold Pressure Sensor
m " Semiconductor sensors are most common and can be
A= = (8) modeled as a first order approximation with a response time,
(F)s Mte (f)s Mic Tpm, Of 3 Ms t020 ms (Hendricks et al., 1994).
S (16)
Values on the molecular weights are taken from (Ingelstam Pmanensor = STpm + 1Pman

et al., 1990). The current mass ratio of air and fueljs
normalized with the stoichiometric mass relationsfyp , 2.2.3  Oxygen Sensor

see Equation (7).
a 0 The dynamics of the linear oxygen sensor is modeled as

Torque is produced when air and fuel is combusted. It a first order low-pass filter and a transport delay, as shown
is common to use the concept of mean effective pressurein Equation (17).
(mep) in torque calculations. The combustion produces an 1
indicated mean effective pressure (imep) described in Equa-  — Agensolt) = — (A (& — 74 (N)) — Asensor(t))  (17)
tion (10). The efficiency of the engine is mapped as a func- d A
tion of A as shown in Figure 3 (Heywood, 1988). The losses The delayry is the sum of transport delays from the injec-
associated with gas exchange, called pumping, is modeledion of fuel until the combusted mixture reaches the sensor.
in Equation (12). Losses due to friction which is mod- According to (Chin and Coats, 1986) it is also depending
eled as engine speed dependentis covered by Equation (11pn manifold pressure, but this has been neglected. It is
Given the engine load, the net torque is calculated in Equa-here assumed to take5 revolutions which is the sum of
tion (13). The net torque controls the engine crank axle intake, compression, combustion, expansion and approxi-
speed as described by the state varidblie Equation (14). mated travel for the mixture to reach the sensor.
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Figure 4. The structure of the implemented Figure 5. An Sl-engine controlled with a
MVEM with controller in Simulink. The com- model based controller. The command signal
mand signal is measured by the sensors. is measured by the sensors.
2.2.4 Summary of the model 4 Control Strategies and Architectures
The model have states for intake manifold presgug, The Sl-engine is a nonlinear system which can be con-

mass of fuel trapped in fuel puddlesy, crank axle speed trolled in several ways. The most common configuration for

N and sensor dynamics of the air mass flow sensor, intakecontrolling the air fuel ratio in Sl-engines today is to control

manifold pressure sensor and oxygen sensor. the fuel, given sensor signals from air mass flow through the
throttle mng;, intake manifold pressungnan, €ngine temper-

Input The angle of the throttle plate and injected fuel ature and engine speed.

T fi- The simplest form of an Sl-engine controller is to use

open control from then,-sensor and feed-back from the

Outputs The net torquelne: and the normalized air fuel  oxygen sensor to take care of disturbance rejection. A feed-

mass ratio\. forward controller is added for changes in command signal
or load.
Measured signals Throttle plate anglex, air mass flow Instead of using the air mass flow sensor for determin-
Thay, Intake manifold pressuggnan, and the normalized  ing the fuel, the intake manifold pressure and engine speed
air fuel mass ratio\sensor can be used which is called speed density air/fuel control.

It has the theoretical advantage of better estimates of the air
flow to cylinder and the use of cheap pressure sensors. The
described control strategies will be the examples of con-
ventional engine control. Both these methods introduces
In Figure 4 the structure of the implementation made in two cases of the air fuel ratio control, stationary control and
Simulink is shown. Data for the parameter vecy is transient control. To control the engine at stationary con-
mainly based on identification on the SAAB engine in the ditions, maps usually are used together with the feedback
research laboratory. The parameters for the fuel dynamicscontrol to take care of disturbances. Transients are handled
are taken from (Bergman, 1997), see Figure 2. Other param-by separate controllers which operate in parallel with the
eters: No moisture, ambient temperature0f, ¢ (rc, A) disturbance rejection controller.
from Figure 3, and other fuel parameters from iso-octane. A problem when using separate controllers for distur-
To the MVEM a controller is added with connections bance rejection and transient control is the strong intercon-

3 Matlab Implementation

to throttle anglex and feed-back from the sensotgy,,., nections between them, here they both control fuel flow.
Pmanensr 2N Asensor  The output of the controller iguy,, . One way to reduce such interconnections is to use a model
Note in Figure 4 that the controller have its own parameter based control structure, see Figure 5. This approach will
vectorpP; . also be discussed and compared with the previous methods.
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Figure 6. Intake manifold time constant for
different throttle changes and different rpms.
Changes in throttle marked in figure. Plot is
taken from (Powell et al., 1998).

Figure 7. Relative error in estimated mass of
air entering the cylinder and the actual mass

of air during a throttle step from  5° to 10° un-
der speed-density control. The figure to the
left showing the error without the controller.

To the right is the output of the transient con-
troller fed with the throttle angle signal. In the

4.1 Static Maps

This is a type of look up tables where the operating con-

dition, usually (N, pma), is used as a key. Nominal fuel center below is the relative error when the air
quantity is stored as a table with €itheY, pman), which is transient controller is enabled the error is re-
called speed density, at; for air mass flow based control. duced from 35% to less than 7%.

For model based controllerg, and the fuel puddle pa-
rametersys, andrn, are mapped as functions @V, pman)-

4.2 Transient Control ) ) )
density control will be shown but the same problems exists

If static maps are used for speed density or mass air flow]cor air mass flow .baseo.I cgntrgl top. .
In speed density anti alias filtering is necessary to remove

based control is used it is necessary to separately handle uel 2S¢ a
changes in throttle command and load. the fast oscillations of the pressure waves inside the intake

Changes in load are more difficult since they are not di- Manifold. This delays the actughan which is needed to

rectly measured. They affects the intake manifold pressurec@lculate the nominal fuel quantity.

pmanand the mass of air flow past the throtle,. This type To the left in Figure 7 a transient in air is shown as a
can be detected by a changeNnrepresented bV, which result of a throttle step from® to 10° at 1000 RPM. To

is a easy to compute sind@% — Thee The resultingV compensate for the error a bandpass filter of the throttle po-

can be provided to the transient controller together with the §|t|on can be used as fged forward. The actugl band pass
drivers command. filter was made of two first order butterworth filters whos

response was matched to the error of the throttle step. The
output of the controller is multiplied with the nominal fuel
guantity.

Consider the case when the throttle is opened rapidly
then there will be a peak ifiy and it will continue to be  4.2.2  Fuel Dynamics
greater thanmn,c until the pman stabilizes. Since the sensors
for air mass flow and manifold pressure are of low passtype The fuel have successfully been modeled as a deposition,
the detection of the change will be delayed. Xfp, Of the fuel in a puddle with a certain time constam,

In Figure 6 it is clear that the time constant of the intake During an increase in throttle extra fuel is needed to com-
manifold varies with speed and load, since higher speed andensate for this deposition in the fuel puddle. The problem
load decreases the time to fill or empty the manifold. also occurs for changes in load since it requires more or

In both speed-density and air mass flow based controlless fuel and air. For speed density control this phenom-
it is necessary to compensate for fast transients in air dy-ena is shown in Figure 8 for a step in throttle and constant
namics and fuel dynamics. Here examples with the speed-speed. Note that both enrichment and leaning of the mix-

4.2.1 Air Dynamics



mgy = KcorrA— (18)
(%),
This is a good argument to choose the multiplication of the
controller output with the nominal fuel quantity instead of
using an additive structure.

Figure 8. Relative error in injected fuel and

fuel entering the cylinder during a throttle 4.3.1 PID Control
step from 5° to 10° with a speed-density con-
troller for nominal fuel. The most common controller structure is the PID con-

troller where the differentiating part is not used due to prob-
lems with differentiation of disturbances. There are several
ways to choose the parametéfs andK; in the controller.

Command| [Transient |_, Sensors It is desirable to have an automated procedure. Here the
controller 4’@?—’ (IS:)rluituiT\ Ziegler-Nichols method will be used with relay feed-back as
DA proposed byAstrom and Wittenmark, 1989). The Ziegler-
Static |, Add/ Nichols tuning method have the drawback of giving poorly
mans Mult damped systems for changes in Ioa&!;t(dm and Witten-
' t—— Feed-back mark, 1989), but it will still be used since it is one of the
controller most common methods. For disturbance rejection the con-

troller does not need to be fast since the disturbances are
very slow therefore the parameters from the Ziegler-Nichols
method are scaled. Examples of disturbance time-constants

Figure 9. An Si-engine controlled with closed are moisture and the fuel changes only at each time the tank
loop control via maps from manifold pres- is filled. Suggested time constant is in the magnitude of a
sure sensor together with engine speed. Sta- few seconds.

tionary errors are removed by the feed-back

controller. Changes in command signal are 4.4 Model Based Control

handled by the feed forward transient con-

troller.

Many structures have been purposed for model based
control, see e.g. (Hendricks et al., 1992), (Powell et al.,
1998), and (Jones, 1996). In model based air/fuel ratio con-

ture is needed. This transient response depend on operatingo!lers where fuel is supposed to be controlled, a common
conditions(IV, pman), fuel quality and temperature. structure is observers for intake manifold presspign,

. : _ fuel mass deposited in fuel puddbey,, and estimation of
Fuel dynamics can be compensated in a similar way as . L P>
uet dy ! P I imrar way . Since the Sl-engine is highly nonlinear the models de-

the air dynamics, but with two cascaded bandpass filters ibed h il also b T
with different time constants to mimic the response in Fig- scribed here will aiso be nonlinear. )
The model based controller calcula

ure 8. in Equation (19). ;

as described

< 1 N
(4, ~ "

4.3 Disturbance Rejection Controller
ng = 19

M fin 1—xm (19)

To account for deviations in maps and parameters feed-
back control is used. The most commonly used sensor for

feed-back control is th&-sensor in the exhaust system.

The controller can be designed in two ways as shown in
9, either it is additive or it uses a gain factor (multiplication
of the value from the static map). The later alternative have
thg advantage of handl!ng ch:_’:mges between opgrating con- g5 B . 1ol (N, rmar) PmanN Vi
ditions better. The deviation in maps due to moisture and =K ( - o RT )
change of(#)  can be expressed as a multiplicative con- oo man .
stantK o, sSee Equation (18). + K1 (Pmanensr = Pman) ~ (20)

Here estimates ofiac andryp are needed. In Equation (3)
an expression forhye is shown which involve®man, N,
andnyol. pmanis predicted by a nonlinear observer given by
Equation (20). Given these equations, is calculated in
Equation (22).

at
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Figure 10. A model based controller struc-
ture. The actuators are throttle angle  « and
my,, . Sensors for mass of air flow through
throttle 7rhy, intake manifold pressure  pman
and oxygen sensor \. The observer predicts
the intake manifold pressure  pman and the es-
timator approximates fuel deposited in fuel
puddle my,.
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In Equation (20)n4 is estimated by using Equation (1) with
Pman instead ofpman. TO compensate for the fuel puddles
the fuel dynamics is inverted. In (Hendricks et al., 1992),
(Powell et al., 1998), and (Jones, 1996) various observers
and calculation of Kalman gains are presented together with
proof of (mathematical) stability for some of the structures.

. . 1
Mfp = XfpM fiy; — —Mip (23)
From Equation (6)iz,, can be isolated given thaite =
e and the result is shown in Equation (19) usifig,

(#),
as estimate ofng,. To compensate for stationary errors an
integral part is added to thé,; calculation, as in (Chang

etal., 1993) or a Pl-controller.

4.5 Simulation Results

The MVEM has been simulated with the two conven-
tional control structures and the model based controller
structure. The results of a step in throttle frémto 10°
is shown in Figure 11 for the speed density based structure
and in Figure 12 for air mass flow based controller. Results
for the model based control structure is shown in Figure 13.

The conventional structures, speed-density and air mass
flow based, reached good results, but it required consider-
able time to tune the transient controllers.

To the right in Figure 13 a test was made with parameter
offsets in the model based control structure and the mea-

Figure 11. Figures above showing the ) value
during a throttle step from  5° to 10°. Nomi-
nal fuel calculated by speed-density control.

To the left: No transient controllers or dis-
turbance rejection controllers enabled. To
the right all transient controllers enabled to-
gether with the disturbance rejection con-
troller. Note that A does not deviate more
than ~ 3% which is less than half of the orig-
inal deviation.

No controllers enabled Al controllers enabled

Lambda sensor
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Figure 12. Figures above showing the X value
during a throttle step from  5° to 10° at time 5
using the conventional 1y control strategy.

To the left open control with 7y, = s

F

and no feed back. To the right all transient ’
and feed back controllers enabled. Note that
in the later case ) does not deviate more than
~ 3% from stoichiometric X\ =1.
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Nomenclature

Symbols used in this paper.

Qnv

Pa
PH,0

Pman
d

Thvol

ei gn

TWC
Va

Throttle plate angle

Stoiciometric mass ratio of air and fuel
Oxygen sensor before catalyst

Oxygen sensor after catalyst

Normalized air fuel ratio on mass basis.
Fraction of injected fuel which is de-
posited in fuel puddle

Time constant of fuel puddle. Must be
greater than O!

Inertia of engine

Torque needed to move throttle plate
Volumetric efficiency of intake

Air mass flow into the cylinder

Air mass in the cylinder

Air mass flow past the throttle

Fuel mass flow into the cylinder

Fuel mass in fuel puddle

Fuel mass in cylinder

Fuel mass flow

Manifold constant

Fuel parameter, number of coal atoms per
mole of fuel.

Fuel parameter, number of hydrogen
atoms per mole of fuel.

Fuel parameter, number of oxygen atoms
per mole of fuel.

Fuel parameter, heating value in Joule per
kg of fuel.

Ambient pressure

Partial pressure of water vapor in ambient
air

Manifold pressure

Transport delay from injection of fuel
until the combusted mixture reaches the
oxygen sensor.

Compression ratio

Ambient temperature

Manifold temperature

\Volumetric efficiency

Efficiency

Ignition angle

Engine speed in revolutions per second
Engine speed derivative

Ratio of specific heat§”

Three way catalyst

Displacement volume



