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Abstract

The correct operation of the emissions reduction sys-
tem of an SI engine depends on the capability of the
three-way catalyst (TWC) to store and release oxygen.
Either one or the other is lost if the oxygen storage of the
TWC is completely full or completely empty. In order to
optimally handle upstream air-to-fuel ratio (lambda)
excursions in either direction (lean or rich), the stored
oxygen mass should be kept near the middle of the cur-
rent oxygen storage capacity.

An H_ controller is developed which takes into
account the dynamic behavior of the TWC. The main
design goal is to compensate the disturbance impact on
the relative oxygen storage level by first measuring the
upstream air-to-fuel ratio only. For this purpose the TWC
is regarded as a limited integrator. The dynamics of the
fuel-path subsystem of the engine (between fuel injection
and measured upstream air-to-fuel ratio) is modeled by a
lowpass element and a time delay connected in series.
Since the engine parameters vary with each operating
point, a gain-scheduled controller is used to achieve opti-
mal performance in the entire operating range. To recog-
nize errors in observation of the relative oxygen storage
level due to an offset of the upstream lambda sensor, a
second sensor behind the TWC is needed. A slower PI
controller is superimposed on the H,, control system to
compensate these observation errors.

Measurements on an engine test bench illustrate the
performance of the control system.

1 Introduction

The air-to-fuel ratio control is one of the most impor-
tant control loops in engine control since the TWC is able
to show its best emissions reducing ability only if the
engine is run at stoichiometry. Due to the ability of the
TWC to store oxygen and carbon monoxide on its sur-
face, short excursions of the air/fuel ratio can be managed
as long as they do not exceed the remaining storage
capacity. Therefore it is of interest to keep the storage
level of the TWC always in its middle.

Conventional lambda controllers use switch type oxy-
gen sensors. These sensors give only very limited infor-
mation on the size of the lambda excursion. Therefore, a
storage level control (buffer control) can be implemented
only with strong limitations. Other drawbacks of the
switch type sensor are the resulting limit cycle of the con-
trol system and the very heuristic control design method-
ology (i.e., the ,,step-ramp* parameters of the controller
have to be found by trial and error experiments).

With the new UEGO (universal exhaust gas oxygen)
sensors a new type of air-to-fuel ratio controller is now
possible. Since the sensor has linear dynamics a linear
model-based control design is possible. The size of the
lambda excursion is now known. Therefore the total
amount of excess or missing oxygen which has to be
stored in the catalytic converter can now be calculated
and taken into account as well.

2 Plant

The plant to be controlled is the fuel path of an SI
engine up to the catalytic converter. It is depicted in
Fig. 1.
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Figure 1: Flowchart of the fuel path

The input F; of the plant is a multiplicative factor for
the injection duration. The outputs are the lambda value
at the main confluence point A, (upstream of the TWC)
and the mass of oxygen stored in the TWC m,, . The
system up to the main confluence point has already been
investigated in detail [1]. For contro! purposes, that
model is much too complicated. Therefore the complete
air-to-fuel ratio path from the fuel injectors up to the
UEGO sensor at the main confluence point is approxi-



mated by a series connection of a first order lag and a
delay (Eq. 1):
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The parameters of this model, i.e., the time constant T of
the lag element and the time delay 7T, are dependent on
the operating point of the engine defined by the engine
speed n and the mass of air in one cylinder Mg, . An
identification for these two parameters has been pre-
sented earlier [2]. Therefore a complete map of these two
parameters can easily be obtained.

In order to apply an H,, control design a linear, finite
dimensional system is required. Thus, the time delay is
approximated with a Padé allpass element (Eq. 2). This
has been found to be the best approximation method in
this context. The order n,,, of the approximation is cho-
sen as a function of the size of the time delay. For delays
up to 40 ms a first order approximation is chosen, and for
every additional 40 ms, one order is added. This results in
a conservative approximation of the delay. However, this
is no drawback due to the order reduction following the
control design.
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Since the three way catalytic converter (TWC) is capa-
ble of storing oxygen (O,) as well as carbon monoxide
(CO), it is not the actual value of the air-to-fuel ratio that
is relevant for the tailpipe (downstream of the TWC)
emissions. As long as excess or missing oxygen can still
be stored in the TWC, no higher emissions are expected
downstream of the TWC. (Missing oxygen describes rich
gas mixtures which result in CO.) Only if the storage of
the TWC is full or depleted, a rise in NO or CO and HC
concentration, respectively, is expected. Therefore an
integrator is added to the dynamics described above to
model the storage behavior of the TWC:

1 =
Am’OZ,C = 5 Mo, uc* Aqu 3
’%oz,uc defines the oxygen mass flow at the upstream
UEGO sensor. For the linear control design we assume
* . .
that mg, ,c = 1.In the controller realization the correct
mass flow will be considered.

3 Control Design

The goal of the controller is to minimize the distur-
bance impact of a lambda deviation on the oxygen stor-

age level of the TWC by measuring only the upstream
lambda with a UEGO sensor (see Fig. 2). The transfer
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Figure 2: Flowchart of the upstream lambda control system

function from the disturbance d to the stored oxygen
mass Amg, ¢ is given in Eq. 4:
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Gey(s) = p

=10+6@RET @

For the design of an H,, controller we have to extend
the control scheme with weighting functions (see Fig. 3).
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Figure 3: Extended control system of the H, problem

The two € are very small and are introduced only to guar-
antee the numerical solvability of the H,, problem. The
transfer matrix of the closed loop system T, for£ = 0 is
shown in Eq. 5:

T, = {We ) Gw} T, = GK(1+GK)1 (5
W, T,

For y=1, Eq. 6 follows:
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The dynamic weight W, serves thus for defining an
upper bound for the magnitude of the disturbance transfer
function G, W, is chosen according to Eq. 7:
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The influence of the two design parameters d,,,, and o,
can be seen in Fig. 4. The value d,,,, defines a horizontal



limit for the magnitude of G, and therefore limits- its
maximal value. At low frequencies the behavior is forced
to be integrating to avoid steady state errors (for numeri-
cal reasons the pole is not exactly at 0). This results in a
left boundary for the magnitude of G, With w, this
boundary can be moved horizontally.

To avoid an unnecessarily high bandwidth of the con-
trol system, the complementary sensitivity 7, is limited
with an appropriate choice of W,:

N
() = 37,
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These two weighting functions are illustrated in Figs.
4 and 5.
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Figure 4: Magnitude of W;! (solid) and G, (dashed)
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Figure 5: Magnitude of W_;‘ (solid) and T, (dashed)

The plant parameters T and T vary over quite a large
range. For the BMW M42 engine the following range can
be assumed:

Te[0.02,1.0]s, te [0.01, 0.5] s/rad

Since the time delay can not be compensated, the perfor-
mance demands have to be adjusted for varying operating
points. For large time delays it is therefore mandatory

that the demanded bandwidth of the control system is
reduced. The time constant can always be perfectly com-
pensated and therefore has no influence on the weighting
functions. This leads to the following empirically found
design parameters:

Aax = fd,,m T, o, = T
This choice of the design parameters results in an almost
identical Nyquist diagram for G, and thus in the same
robustness over the whole operating range. The parame-
ters f, . and f o, allow a certain shaping of the Nyquist
diagraﬂf The following values have been found to be
adequate:

fq =19,

max
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Since the phase shift of the time delay can not be
avoided, a robust stabilizing controller has to place sig-
nificant actuator energy (i.e., high gain) at the opposite of
the Nyquist point. This results in one or several charac-
teristic ,,bubbles® in the right halfplane (see Fig. 6). This
high gain at frequencies higher than the crossover fre-
quency results in a differential behavior which adds
damping to the control system if the modeling error of
the time delay is small. An error in the identified time
delay results in an additional rotation of the Nyquist
curve. Thus, using more than one bubble increases the
demand of very accurate modeling and is therefore omit-
ted. This behavior (one bubble) can always be realized
with a 4th order controller (the bubble requires a complex
conjugate pair of poles). If not even one bubble is neces-
sary or wanted, then the minimal order of the controller
becomes two (two poles at zero which avoid a steady
state error in Amg ).
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Figure 6: Nyquist plot of the control loop

For a 10 % step in the disturbance d, the control design
results in the step response depicted in Fig. 7. In the plot
the influence of d,,,, and ®, on the traces is shown with
arrows. Diminishing d,,,, results primarily in a faster
descent of lambda back to stoichiometric and thus in a



smaller peak of the be stored oxygen amount. Enlarging
@, then results in a faster descent of the total oxygen. The
return of the stored oxygen mass to its nominal value can
obviously only be achieved if AA,- does not return
directly to zero but overshoots to obtain areas above and
below the abscissa of equal sizes (with constant air mass
flow assumed).
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Figure 7: Response of the control system for a 10 % step in
the disturbance d

The results in Figs. 4 — 7 are simulated for a time con-
stant of 0.192 s and a time delay of 0. 276 s.

4 Realization of the controller

Due to the Padé approximation of the delay, the order
of the controller rises with increasing delay. However, as
discussed above, a fourth order controller is sufficient.
Therefore the variable order of the controller after the
design procedure is reduced without any loss in accuracy.

The order reduction is done with a minimal change in
G4 which can be achieved with a dynamic weighting of
the compensator prior to the balancing [4], [5].

. The fourth order controller can be realized with several
state-space descriptions. Due to the order reduction, the
states of the controller for each operating point are differ-
ent and allow no physical interpretation. Since the
designed controller has to be gain-scheduled a fixed,
physically motivated structure has to be found. This
structure has to incorporate the minimum number of
parameters (seven: a general fourth order controller has
nine parameters, in our case two poles are forced to zero)
and must minimize the sensitivity to parameter errors
which is achieved by paralyzing the structure as much as
possible. This leads to the following controller transfer
function:

1 s(Gys+1)
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(10)

Gy — G are functions of the time delay and the time con-
stant, or directly of the operating point defined by engine
speed and load.

For a realistic physical model of the storage behavior
the varying mass flow through the TWC has to be taken
into account. This is done by multiplying the lambda
deviation AA,,~ with the air mass flow ;;102’ «c before it is
integrated. Afterwards, it is divided again, as depicted in
Fig. 8. Thus a physical oxygen balance is obtained with-
out changing the input-output behavior at a fixed operat-
ing point. The limits of the oxygen storage of the TWC
(zero, Cy, ) have to be modeled as well.
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Figure 8: Complete controller



Due to different raw gas composition in every operat-
ing point, the UEGO sensor has a varying offset. This off-
set and an error in the observed amount of oxygen has to
be corrected with an overlying control loop. A very slow
PI controller can be chosen, for example. A sensor signal
from downstream of the TWC has to be interpreted as the
oxygen level. The difference between this measured oxy-
gen level my o and the observed level 7ig, ¢ is the
input of the PI controller. The feedback controller of the
upstream lambda sensor works as a feed-forward control-
ler for the control of the TWC.

The gain Gj3 is placed in front of the second (right)
integrator to avoid an excitation of the controller due to
varying operating points.

5 Experimental results

The experiments were performed on a 1.81 BMW
4 cylinder engine. At the main confluence point a
BOSCH UEGO sensor (LSU4) is used for the air-to-fuel
ratio measurement. The controller was implemented on
an engine management system written in PASCAL run-
ning on a hpl000 process controller in an event-based
mode. The synchronization of the spark and fuel injection
actuators with the engine is achieved with a VLSI chip
built at ETH [3].

To demonstrate the varying bandwidth of the control
system, two operating points are shown (see Table 1).

Table 1: Operating points chosen.

Operating point OP1 | OP2
Engine speed n [rpm] 1500 | 1500
Mass air in cylinder m;,. . [8] 0.1 0.3

Engine torque [Nm] 18 80

Time delay T [s] 0.276 | 0.116
Time constant T [s] 0.192 | 0.146
Segment time [s] 0.02 0.02
Cycle time [s] 0.08 0.08

Note that the first operating point (OP 1) was used for the
simulations in Section 3. The time delay and the time
constant of the plant are identified according to [2] with a
colored noise as excitation. At OP 1 the time delay corre-
sponds to nearly 14 segments (samples) which is 7
engine revolutions for a 4 cylinder engine.

Fig.9 shoes a comparison between measured step
responses at OP 1 and a simulation with the correspond-
ing values in Table 1 (the identification was not done with
these measurements). The step from rich to lean as well
as the step from lean to rich are made at 0 s. Obviously

A7"uC [%]

-10

My [%)

-10

0 04 0.8 1.2 1.6 2
time [s]

Figure 9: Simulated (dashed) and measured step response of
the plant at OP 1

the plant is fitted very well. A certain asymmetric behav-
ior can be recognized. This can of course not be matched
with the linear model. As opposed to the results of mea-
surements with switch type sensors, no step behavior at
the stoichiometric point is present. Thus the sensor itself
has very linear dynamics. The ripple in the measurement
results are the cylinder-to-cylinder deviations. Thus the
engine cycle time of 80 ms can clearly be seen.

Fig. 10 depicts the response of the upstream lambda
buffer control system for a disturbance step at dy of 20 %
(see Fig. 2). The location df. represents the more realistic
input for a disturbance than location d. The latter repre-
sents the worst case because the disturbance acts immedi-
ately on the compensator and is therefore preferable for
the control design. Again the agreement between mea-
surement and simulation results is very good. The asym-
metric behavior of the plant (as seen in Fig. 9) is now
responsible for an asymmetric behavior of the control
system. The measured overshoot due to a step in the rich
direction of the disturbance is larger than the simulated
one. Vice versa, the step in the lean direction results in a
smaller measured overshoot.

Due to the time delays at OP 1 and OP 2 being differ-
ent, the bandwidths of the control systems vary accord-
ingly. The maximum deviation of the air-to-fuel ratio at
OP 1 is larger because due to the larger time delay the
controller is not able to react as soon as at OP 2. Also the
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Figure 10: Response of the upstream lambda buffer control
system to a 20 % step in d (see Fig. 2)

maximum error in integrated lambda is much larger at
OP 1 due to its smaller bandwidth. Nevertheless the error
in stored oxygen is not higher due to the much smaller air
mass flow.

To clearly show the difference between lambda and
buffer control, measurement results at OP 1 and OP 2
with a lambda controller without buffer control are shown
in Fig. 11. The compensating overshoot is no longer
present. Therefore several disturbances in the same direc-
tion force the oxygen storage of the TWC to either its
upper or lower limit, resulting in either NO or CO and
HC emissions.

Fig. 12 shows the response of the complete control
system to a throttle step. The throttle step was chosen to
change from OP 1 to OP 2. Since the injected amount of
fuel was calibrated only as a static function of the air
mass flow into the manifold, a large A, transient occurs.
The first small transient in the lean direction is caused by
the timing error. The second excursion (rich) is due to the
manifold dynamics, while the third results from the wall-
wetting dynamics. Although these deviations are up to
35 %, the controller manages to keep the voltage of the
switch type sensor downstream of the TWC U Mapge 1O
remain between 560 mV and 580 mV. These voltages lie
within the very sensitive region of stoichiometry of the
sensor and indicate a very good conversion efficiency of
the TWC.
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Figure 11: Response of the upstream lambda control system
without buffer to a 20 % step in df (see Fig. 2)
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Figure 12: Response of the complete control system with

buffer to a throttle step from OP 1 to OP 2



6 Conclusions

A new air/fuel ratio control scheme has been pre-
sented. It uses an UEGO sensor upstream of the TWC
and takes the oxygen storage behavior of the TWC into
account. The main goal is to control the oxygen level of
the TWC (buffer control).

For this control scheme a fully automated design pro-
cedure has been developed. With an on-line identification
scheme the plant parameters can be identified very effi-
ciently. This results in two maps for the complete operat-
ing range. The controller parameters are then calculated
from the plant parameters using H,, techniques and vary-
ing dynamic weighting functions.

The complete design procedure has been tested on an
engine test bench and was found to be very efficient.
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8 Nomenclature

physical variables

Olyy, throttle angle

Fy multiplicative factor for the injection duration
AF, =F -1

Ayc lambda value upstream of the TWC

Ao =l

Mgircyl,  Mass of air in one cylinder

mg, ¢  stored mass of oxygen in the TWC
Mg, ¢  demanded value for my ¢

Amg, ¢ = mo,c—To,c

g, ¢ estimated value for mp, ¢

Mo, wc ~ OXygen mass flow at the upstream sensor

n engine speed
Mapac voltage of the switch type sensor downstream
of the TWC
T time delay of the plant (overall time delay of
the fuel path)
T time constant of the plant (significant time

constant of the fuel path)
C 0, C oxygen mass storage capacity of the TWC

mathematical variables
d worst case disturbance on the control system
dp additive disturbance on the control signal AF;,

u, w,y, z input and output signals of the augmented
plant of the H,, setup

G plant of the control loop

Gey plant of the performance index

K controller

T, complementary sensitivity of the control sys-
tem

T,y closed loop system of the H_, setup

W, W, weighting functions of the H,, setup

G;— Gy (gain scheduled) parameters of the controller
®,, d,,,, parameters of the weighting functions
fop fa,, parameters of the control design

max

Rapx order of the time delay approximation
s complex variable
w frequency
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