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Abstract

This paper describes model-based, active control of
an aftertreatment system for a spark ignition engine
equipped with a three-way catalyst (TWC) and pre-
and post-TWC oxygen sensors. A controller is designed
to manage the oxygen storage level in the TWC in order
to maximize the simultaneous conversion efficiencies of
oxides of nitrogen, NO,, unburned hydrocarbons, HC,
and carbon monoxide, CO. Linear exhaust gas oxygen
sensors (UEGOs) are used to measure pre- and post-
catalyst A/F. The pre-catalyst A/F measurement is
assumed to be biased in addition to being corrupted
by zero-mean noise, while the post-catalyst measure-
ment is assumed to be only corrupted by zero-mean
noise. A series controller configuration is adopted. The
upstream controller provides relatively rapid response
to disturbances on the basis of the pre-catalyst mea-
surement, while the downstream controller uses an ex-
tended Kalman filter (observer) to estimate the relative
oxygen level of the TWC on the basis of the pre- and
post-catalyst A/F measurements. The estimated value
of oxygen storage is then used to regulate the relative
oxygen level of the TWC to 50%. The performance and
robustness of the proposed control system in the face
of noise and model uncertainty are evaluated through
extensive simulations.

1 Introduction

Conventional automotive gasoline engines employ a
three-way catalytic converter to oxidize HC' and CO
emissions, and reduce NO,. Traditionally, the con-
trol emphasis has been on A/F feedback using an ex-
haust gas oxygen (EGO) sensor located in the exhaust
manifold upstream of the TWC to maintain the A/F
near stoichiometry and achieve high simultaneous con-
version efficiencies. Recent requirements for onboard
diagnostics (OBD) have led to the placement of an ad-
ditional EGO sensor downstream of the TWC. This
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secondary sensor is often used to trim the control ac-
tion of the primary sensor. The catalyst dynamics,
however, are not typically considered in the design of
the control system, whether using one or both sensors.
The goal of this paper is to develop steady-state, ac-
tive control of the aftertreatment system using the pre-
and post-catalyst oxygen sensors to improve both per-
formance and robustness. In this context, steady-state
refers to conditions of constant engine speed and air
flow rate.

Figure 1 illustrates the system to be controlled. The
upstream and the downstream oxygen sensors are uni-
versal, or linear EGO (UEGO) sensors. Section 2 de-
scribes the models of the internal combustion engine
(ICE) and the EGO sensors. The TWC model is de-
scribed in [1]; for other models, see [4, 11]. Subsequent
sections describe controller design and investigate ro-
bustness for the system.

The work most similar to this paper is [6]. On the basis
of a limited integrator model of the TWC, an oxygen
storage estimator was designed and subsequently used
in a Pl-based adaptive feedback control strategy. The
control system effectively regulated the oxygen storage
level of the catalyst to a limit cycle about the half-full
point. The limit cycle, however, had rather large am-
plitude in the feedgas A/F, which leads to driveability
problems. One of the goals of the present work is to
use a more advanced controller design scheme to mini-
mize the amplitude of any limit cycles. In addition, the
present work directly addresses the non-equilibrium ef-
fects in the exhaust gas which can result in a bias error
in the air-fuel ratio sensor upstream of the catalyst.
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Figure 1: Engine and Catalyst.

2 Model

2.1 Internal Combustion Engine
In steady-state, the ICE A/F subsystem may be simply
modeled as the speed dependent induction-to-exhaust



stroke delay of the four-stroke cycle cascaded with
transport delays in the exhaust system from the ex-
haust valve to the upstream EGO sensor, from the
EGO sensor to the catalyst, the catalyst delay and
a delay from the catalyst to the downstream sensor.
For the particular system modeled here, the transport
delay to the first sensor is lumped with the speed-
dependent engine delay, the catalyst delay is lumped
with the transport delay after the first EGO, and the
delay from the catalyst to the downstream EGO is con-
sidered negligible. For a four-cylinder engine sampled
at an event interval (induction-compression-expansion-
exhaust) of 180 crankshaft degrees, the sample time, dt,
at 1500 rpm is 0.02 sec and the engine delay is 0.08 sec.
The lumped delay to the upstream sensor (engine plus
transport) is 6 dt or 0.12 sec. The lumped catalyst
and transport delay after the sensor is 0.08 sec.

2.2 Air-Fuel Ratio Sensor

As shown in Figure 1, the engine is equipped with two
UEGO sensors to measure the quantity of oxygen in
the exhaust gas at the feedgas and at the tailpipe.
These sensors provide an actual measurement of the
oxygen content in the exhaust. Importantly, feedgas
and tailpipe A/F measurements are aflected by dif-
ferent types of inaccuracy. Upstream of the catalyst,
non-equilibrium effects in the exhaust gas result in a
bias error in the sensor [12, 2, 10, 7, 8]. This bias is
due in part to incomplete catalysis of CO on the sensor
substrate and in lesser part to NOx; an additional con-
founding factor is the large discrepancy in the diffusion
rate of Hy with respect to other species present in the
exhaust gas. Assuming thermodynamic equilibrium in
the exhaust gas after the catalyst, the measurement
disturbance at the tailpipe A/F sensor is considered
to be zero mean white noise. Finally, the linear sensor
is modeled as a first order system with unit gain and
time constant 7,, equal to 250 ms, as represented in the
transfer function
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where A, is the measured variable and ) is the actual
A/F in the feedgas or in the tailpipe.

3 Control

In this section, a feedback controller is designed hav-
ing two objectives: first, to simultaneously maximize
the conversion efficiencies of HC, C'O and NO,.; and
second, to obtain steady-state air-fuel control which is
robust with respect to disturbances, but which mini-
mizes excursions around stoichiometry. The standard
feedforward control action based on measured or esti-
mated mass air flow rate is not discussed [3, 9].

The controller is formed by two blocks connected in se-

ries (see Figure 2). The first block, the Fore Controller,
feeds back the output of the first sensor and the sec-
ond block, the Aft Controller, feeds back the measure-
ments from the first and second sensors. The fore con-
troller is a PI with anti-windup; it responds relatively
quickly to A/F disturbances. The aft controller con-
sists of two principal parts: a Bias Estimator that pro-
cesses both pre- and post-TWC UEGO measurements
to estimate the persistent bias in the pre-TWC UEGO
sensor, and an extended Kalman filter to estimate the
stored oxygen level of the TWC. The objective of the
aft-controller is to maintain the relative oxygen storage
level of the TWC at 50%; it acts on a slower time scale
commensurate with the longer measurement delay in
the second sensor.
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Figure 2: Fore-Aft Controller - Series Configuration.

3.1 PI Controller

The design of the PI controller is based on the model,
P(s) = e %125 Classical design rules were used to
select the gains so as to trade off speed of response
with gain and phase margins. Since typically a limiter
is placed on the output of the controller, anti-windup
is used to turn off the integral action as soon as the
actuator saturates, which reduces both overshoot and
control effort in the feedback system. The base refer-
ence signal for the fore PI controller is stoichiometry.
This will be modified by the aft controller in view of
its objective to regulate the relative oxygen level of the
catalyst.

3.2 Bias Estimator

The basic idea of the bias estimator is that the average
A/F in the feedgas and tailpipe should be the same
if the feedgas signal remains constant for a sufficiently
long period of time. That is, if Ap is constant at a lean
value, Ay p will reach the same value when the catalyst
is completely filled with oxygen. Conversely, if Apg
is rich, Arp and Apq will be equal after the catalyst
has been entirely depleted of oxygen. At stoichiome-
try, Arp equals Ap¢g, independently of the oxygen state
of the catalyst. To enable a comparison between the
output of the two sensors, the feedgas signal should
be constant for a time sufficient to fill an empty cata-



lyst with oxygen or, conversely, to deplete a filled one.
Hence, in steady-state, differences in the averaged val-
ues of the two measurements are due to the bias in
the upstream sensor. To assure steady-state operation,
the estimation of the bias is updated only if the aver-
age measurement of the feedgas A/F remains almost
constant for some time, A seconds. The output of the
bias estimator is subtracted from the output of the up-
stream UEGO sensor before it is used by any of the
controllers.

3.3 Kalman Filter

This section summarizes the design of a steady-state,
extended Kalman filter to estimate the oxygen storage
level of the catalyst. The system to be observed is
composed of the internal combustion engine in series
with the catalytic converter. For the engine, delays are
modeled as a first order Padé approximations. The two
series delays, one of 0.12 sec and the other of 0.08 sec,
are represented by the following state-space systems:

Ar =4.1667x1 — A ’
:’f,‘g = —25.772 + 8/\E (3)
/\FG == 6251‘2 - /\E ’

where A, the air-fuel ratio in the cylinders, is the sum of
the A/F requested by the fore-controller, A.,,, and the
combined uncertainty of the air-charge estimate and
the fuel injectors, A4,

A= Acon + /\ac; (4)

Ay is the A/F ratio after the first delay (corresponding
to the engine delay plus the exhaust manifold delay),
and is the input to the sensor; Apq is the feedgas A/F,
which is the input to the TWC; z; and x4 are the
states respectively of the state-variable representation
of the first and the second delays (recall that the second
delay is the transport delay between the sensor and
the catalyst). The overall system to be observed is a
sixth order nonlinear system described by the following
equations:

;’t’l = —1666671‘1 + 8()\can + )\ac)
1:72 = —25x9 + 8[4.1667x1 — (Acon + Aac)]
/\ac =0

= R+ 7 L[4.166721 — (Acon + Aac)]
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Ap = 4.1667x1 — (Aeon + Aae)
Are = 6.25z9 — [4.166721 — (Aeon + Aac)]  (6)

Arp = Arpc — p(Ara,©) x (Apg — 1)

where p(Apa, ©) is described in [1]. The system has one
input, Acon, that is the control signal coming from the
fore-controller, three non-measured outputs, A\g, Apg
and Aprp, and two measured outputs, A,, and A,,; the
measured outputs are corrupted by white noise. The
states are x1 and xo coming from the Padé approxima-
tions, the actuator uncertainty \,., the output of the
two sensors A, and \,,, and the relative oxygen level

O.

With the state variable A,., the Kalman filter attempts
to estimate the uncertainty of the injectors to provide
the desired quantity of fuel. Since the engine is oper-
ating in steady-state, the uncertainty is assumed to be
constant or slowly varying and, consequently, has zero
derivative. It is not possible to distinguish the bias
of the upstream UEGO sensor from the uncertainty of
the engine using only the measurement from the up-
stream sensor. To obviate this problem, the Kalman
filter uses the output of the upstream sensor corrected
by the bias estimator. Hence, the remaining estima-
tion error of the bias is included in the estimation of
the engine uncertainty.
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Figure 3: \rp as a function of A for different values of
the relative oxygen level ©.

The major challenge in designing the estimator is that
the TWC is not uniformly observable. This is illus-
trated in Figure 3 which shows the instantaneous rela-
tionship between tailpipe versus feedgas air-fuel ratio
for different levels of oxygen storage in the catalyst. In
particular, under rich conditions, the TWC is almost
unobservable when the relative oxygen level is greater
than 0.2; under lean conditions, the relative oxygen
level must be larger than 0.8 to be strongly observ-
able from the available signals. Thus, when the oxygen
storage level, ©, is regulated in the desired range, it is
practically impossible to observe it based on the down-
stream UEGO signal. Consequently, the Kalman fil-
ter gain between the TWC and the second UEGO was



computed for the observable and weakly observable op-
erating regimes using different weights in the algebraic
Riccati equation.

The filter design is completed by linearizing the model
to obtain (A, C) as a function of the states and com-
puting a steady-state Kalman gain via the algebraic
Riccati equation

0 = PAT+ AP, —P.CR'CTP.+Q (7)
K. = P.CR ' (8)

The weights @ and R on the states and outputs, re-
spectively, were selected to emphasize the model in the
region where it is poorly observable and the outputs
in the region where it is strongly observable. In total,
the Kalman gain K. was evaluated for the linearized
system at 20 (©,A\pg) operating points and stored in
a look-up table. The look-up table was then interpo-
lated over the estimated trajectory in order to reduce
the computational burden.

Defining the difference between the measured ()\,,) and

the estimated (\,,) variables as

T
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the equations of the extended Kalman observer are the
following:
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3.4 Aft-Controller

The aft-controller consists of proportional control on
the difference between the estimated oxygen storage
level and its desired value, here, taken to be 0.5:

Aojt = K(© —0.5). (13)

The output of this controller is used to adjust the refer-
ence going into the upstream PI controller. Other con-
troller design methods (such as LQG) and controller
configurations (such as inner-outer) were also investi-
gated but are not reported here for lack of space.

4 Simulation Results

For the catalyst model, the steady-state conversion ef-
ficiencies at stoichiometry were assumed to be HC=
96.75 NOz= 97.15 and CO= 99.4. The goal is to
achieve these values in the face of significant measure-
ment uncertainty in the upstream UEGO sensor and
significant error in the estimated air-charge and /or fuel
injection quantity. Injector and air-charge estimation
uncertainty has been simulated by summing the sig-
nal shown in Figure 4 with the output of the PI con-
troller. A bias equal to —0.2 A/F is assumed for the
upstream UEGO. White noise disturbances taking val-
ues between +0.5% of stoichiometry are applied to the
UEGO sensors.
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Figure 4: Combined injector and air charge uncertainty
in units of normalized A/F.

Simulation results are shown in Figures 5 - 7. The
controller shows excellent performance. Even in the
presence of very significant uncertainty, the tailpipe
A/F is regulated very closely to stoichiometry, and very
nearly achieves the maximal possible average simulta-
neous conversion efficiencies of the three main pollu-
tants. Moreover, the variance of the feedgas A/F is
small (see Figure 5), indicating that there should be
no driveability problems due to the actions of the con-
troller. The remaining figures show simulated and es-
timated oxygen storage level, and the actual and esti-
mated bias level.

5 Robustness Analysis

This section addresses the robustness of the controller.
For this purpose, while holding all values in the con-
troller fixed, the bias, measurement noise and injec-
tor uncertainty disturbances were increased, and the
oxygen storage capacity of the catalyst and the engine
time delays were modified. To further evaluate robust-
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Figure 6: Conversion efficiencies of HC, NO, and CO.
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Figure T7: Relative oxygen level, ©, and upstream UEGO
sensor bias. The thin lines are the actual values and the
bold lines are the estimated values.

ness to model uncertainty, a completely different TWC
representation (described in [5]) from that used in the
controller was inserted in the simulation model and the
position of the second A/F sensor was changed by in-
serting a delay equal to 0.08 sec between the TWC
and this sensor. For conciseness of presentation, the
results of the simulations are tabulated with respect to
the conversion efficiencies for NO,, HC, and CQO, and
the mean and standard deviations of the tailpipe and
feedgas air-fuel ratios. For a baseline, the first column
of Table 1 contains the performance metrics for the
controller subjected to the standard disturbances and
uncertainties of Section 4: bias equal to —0.2 A/F at
stoichiometry; white noise sensor disturbance between
+0.5% of stoichiometry, and injector uncertainty as il-
lustrated in Figure 4. The time delays and the oxygen
storage capacity of the catalyst are fixed to values of
Section 2 and [1], respectively.

o

[

N
T

o
i
T

o

o

@
T

o
o
>

I
o
=

o
o
)

o

-0.02

Engine Uncertainty (normalized A/F)

I
o
o
B

-0.06

-0.081 J

| | | | | | |
0 50 100 150 200 250 300 350 400
Time (sec)

Figure 8: Combined injector and air charge uncertainty,
in units of normalized A/F, that is used in one part of the
robustness analysis.

In the robustness investigation, the various pertur-
bations are first applied separately. The second col-
umn of Table 1 shows the simulation results for bias
equal to —0.4 A/F, white noise sensor disturbance be-
tween +1% of stoichiometry, and injector uncertainty
as shown in Figure 8. The results in the third column
are obtained using the standard disturbances enumer-
ated in the previous paragraph, but decreasing by 50%
the oxygen storage capacity, thereby simulating the ag-
ing of the catalyst.

The performance of the system when the engine delays
and the sensor placement are changed is illustrated in
the fourth column of Table 1. The fifth column reports
results when the modified catalyst dynamics are sub-
stituted. Finally, the last column provides the results
when all of the changes are applied simultaneously.



| | Base-Line | Disturb | TWC Cap. | Delays

| TWC Model | All Together |

HC Eff. 96.75 96.72 96.76 96.75 96.76 96.72
NO, Eff. 97.16 97.13 97.13 97.12 97.14 97.08
CO Eff. 99.38 99.38 99.38 99.38 99.38 99.38
ApG mean 1.000 1.000 1.000 1.000 1.000 1.000
Apa std. dev. 3.1e-3 6.7e-3 2.9e-3 3.8e-3 3.1e-3 7.9e-3
App mean 1.000 1.000 1.000 1.000 1.000 1.000
Arp std. dev. 2.0e-4 5.5e-4 3.6e-4 4.2e-4 2.3e-6 6.2e-4

Table 1: Robustness analysis comparing the base-line results of Section 4 to successive changes in the disturbance and noise

levels, oxygen storage capacity of the catalyst, time delays in the model, choice of catalyst oxygen storage model, and, finally,

imposing all of the uncertainties at once.

6 Conclusions

The controller shows good performance and consider-
able robustness to changes in system parameters. This
design has also been tested on different catalyst config-
urations, including a series of two TWCs (close-coupled
plus under-body TWC) and a Y-configuration (two
close-coupled and one under-body TWC). The results
obtained in these configurations show similar improve-
ments in performance and robustness.
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