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Linear Parameter-Varying Lean
Burn Air-Fuel Ratio Control
for a Spark Ignition Engine
Maximization of the fuel economy of the lean burn spark ignition (SI) engine strongly
depends on precise air-fuel ratio control. A great challenge associated with the air-fuel
ratio feedback control is the large variable time delay in the exhaust system. In this paper,
a systematic development of an air-fuel ratio controller based on post lean NOx trap
(LNT) oxygen sensor feedback using linear parameter-varying (LPV) control is pre-
sented. Satisfactory stability and disturbance rejection performance is obtained in the
face of the variable time delay. The LPV controller is simplified to an explicit parameter-
ized gain scheduled lead-lag controller form for the ease of implementation. A Ford
F-150 truck with a V8 4.6 l lean burn engine was used to demonstrate the LPV air-fuel
ratio control design. Both simulation and experimental results demonstrate that the de-
signed controller regulates the tailpipe air-fuel ratio to the preset reference for the full
engine operating range. �DOI: 10.1115/1.2745849�
Introduction
In 2003, U.S. consumed about 20 million barrels of oil per day.

he gasoline for cars and light trucks accounts for 45% of the
otal oil consumption. Lean burn technology for gasoline engines
as drawn great attention during the past decade, largely due to its
otential for improving fuel economy and reducing CO2 emis-
ions �1�. A lean burn engine is designed to operate at high intake
anifold pressure with an air-fuel ratio greater than 10 and less

han 23. Consequently, combustion efficiency can be improved
hrough reduced pumping losses and enhanced thermodynamic
fficiency. Compared to the conventional port fuel injection �PFI�
ngine, the gasoline lean burn engine presents a new set of chal-
enges to the engine control community. The main challenge for
ean burn technology is that, under lean operating conditions, the
onventional three-way catalyst �TWC� system is no longer effec-
ive in reducing NOx pollutants. A special TWC with NOx trap-
ing and conversion capabilities, known as lean NOx trap �LNT�,
as to be used downstream of the conventional TWC to meet the
overnment emission standards. During the lean operation, NOx
n the feed gas is stored in the LNT. When the stored NOx reaches

certain threshold, the trap must be purged by switching to rich
peration for a short period of time to regenerate the storage ca-
acity and recover the efficiency. The NOx released from the LNT
uring the purge period is converted into non-polluting nitrogen
y the rich air-fuel mixture �2–5�.

Properly managing the storage and purge cycles is critical for
chieving the fuel economy and NOx emission control targets of
he lean burn gasoline engine. The desired tailpipe air-fuel ratio
rofile �reference air-fuel ratio� is defined by the LNT purge con-
rol �6,7�, with the objectives of optimizing fuel economy while
atisfying emission constraints. Therefore, it is necessary to de-
ign a controller to regulate the tailpipe air-fuel ratio to follow the
ir-fuel reference for both the NOx storage phase �lean operation�
nd the purge phase �rich operation� in order to accomplish the
NT purge control.
In this paper, we concentrate on the air-fuel ratio control for the

torage phase, that is, the design of the “outer-feedback loop”
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air-fuel ratio controller is considered. A linear universal exhaust
gas oxygen �UEGO� sensor is used downstream of the LNT to
measure the tailpipe air-fuel ratio. The air-fuel ratio controller to
be designed is used to generate the commanded air-fuel ratio for
the fuel injection system. During the storage phase when the en-
gine is operating under lean conditions, the air-fuel ratio is se-
lected to �i� meet the driver’s demand, �ii� maximize fuel
economy, and �iii� satisfy other constraints, such as lean burn limit
�7�. These requirements dictate the set-point selection, and the
optimal choice for the air-fuel ratio in the storage phase is usually
a constant set-point for steady state operation.

A number of publications have described various designs of
air-fuel ratio controllers for the stoichiometric feedgas air-fuel
control �8–11�. Related work in the air-fuel control for lean burn
is limited. In �12�, an adaptive-feedforward model-based feed gas
air-fuel ratio controller was developed for a 4 cylinder 2.2 l
Mercedes-Benz lean burn engine. The control performance is
largely dependent on the control-oriented engine model. However,
it is very difficult to establish an accurate “outer-feedback loop”
emission model covering all operating conditions over the engine
life cycle for systems involving TWC and LNT. In addition, there
is significant open-loop uncertainty in the fuel injection and ex-
haust system, such as canister purge, which cannot be handled by
the feedforward control. Therefore, feedback control is necessary
in order to maintain accurate air-fuel ratio control.

The biggest challenge associated with the air-fuel ratio feed-
back control stems from the variable time delay in the exhaust
system. Since the UEGO sensor is positioned after the LNT, a
significant time delay occurs between the UEGO sensor signal
and the effective change of the engine feedgas air-fuel ratio. In
addition, the time delay is largely dependent on the engine oper-
ating condition defined by the engine speed and the air mass flow.
Throughout the engine operating envelop, the time delay can
change significantly due to the space velocity variation. For a
constant delay that can be measured or estimated precisely, the
Smith predictor is an effective dominant delay compensator
�13,14� and H� control of delay systems based on the modified
Smith predictor �15,16� has been proposed recently. However,
these results cannot be applied to delay systems with a variable
delay as in the proposed air-fuel ratio control problem. For ex-
ample, according to the experimental vehicle data collected on a
Ford truck, the delay in this engine varied from 0.3 s to 2.7 s.
Such a large variable time delay is the main hurdle to achieve the

desired disturbance rejection performance using a single control-
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er for the full engine operating range. Therefore, the variability of
he time delay must be taken into account in the control design so
hat the desired performance can be obtained for the full engine
perating envelope.

Model predictive control �MPC� has been proposed and applied
o a wide range of application areas �17�. Current MPC technol-
gy offers significant new capabilities, but several limitations still
emain. The algorithms are not nominally stabilizing, so that tun-
ng choices must be tested through extensive closed-loop simula-
ion �17�. In general, the corresponding dynamic optimization
roblem is solved on-line at each control execution limiting its
pplications to slow processes.

Linear parameter varying �LPV� gain-scheduling control
18–20� has recently received significant attention because it pro-
ides a systematic way of computing gain scheduled controllers
or nonlinear and parameter dependent systems with stability and
erformance guarantees. Numerous applications of LPV control-
ers can be found in various areas, such as, flight control �21,22�,
ngine control �23,24�, and vibration isolation �25�. In this work,
e will use an LPV gain-scheduling approach to design the air-

uel ratio controller. The scheduling parameter will be the time
elay in the exhaust system, which is considered to be a function
f the engine operating point. The relation between the time delay
nd the engine operating point defined by the engine speed and air
ass flow is identified off-line. On-line identification of the time

elay in the exhaust system can be found in �26� for stoichio-
etric burn engines. However, on-line identification is slow and

ain-scheduling based on the on-line identification is prohibitive.
ence, in the present work a parametric expression is used to

stimate the delay based on measurements of engine speed and air
ass flow. The experimental vehicle data used for the time delay

dentification were collected from a Ford F-150 truck with a V8
.6 l lean burn engine. The designed LPV controller was tested on
he same truck model. All the experimental data presented in the
aper were provided by Ford Motor Company.

The paper is organized as follows: Sec. 2 describes the engine
odel for the air-fuel ratio subsystem in the lean burn mode. The

ime delay in the exhaust system is identified and a simplified
ngine model for control design is proposed. In Sec. 3, the LPV
ontroller design for the simplified engine model is presented. The
PV controller discretization and implementation are discussed in
ec. 4. Finally, the experimental results are presented in Sec. 5.
ection 6 concludes the paper.

Engine Model for Air-Fuel Ratio Dynamics in the
ean Burn Mode
The lean burn aftertreatment system with commonly used sen-

ors and the “outer-feedback” control configuration is shown in
ig. 1. It consists of a conventional TWC, an LNT, a heated ex-
aust gas oxygen �HEGO� sensor downstream of the TWC, and
wo UEGO senors downstream of the engine and LNT. According
o hardware assumptions on available and future vehicle plat-

Fig. 1 Aftertreatment system and “outer-feed
the lean burn mode
orms, the upstream UEGO sensor measurement will not be avail-
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able for the air-fuel ratio control. Therefore, the measurement sig-
nal of the controller is the air-fuel ratio measured by the UEGO
sensor downstream of the LNT. The controller regulates the air-
fuel ratio of the air-fuel mixture entering the engine to follow the
reference air-fuel ratio using engine measurements, such as air
mass flow and engine speed. The commanded fuel for the fuel
injector is calculated based on the air-fuel ratio command and the
cylinder air charge per engine cycle. Thus, the input of the open
loop engine model is the commanded air-fuel ratio at the fuel
injector and the output is the measured air-fuel ratio by the post-
LNT UEGO sensor. It is noted that fuel pooling in the intake
manifold is compensated in the fuel injection system using a pro-
duction fueling control strategy as it is often the case in practice.

During the lean burn mode, the TWC eventually becomes satu-
rated by O2, therefore, the complex oxygen dynamics introduced
by the TWC and the LNT can be approximated by a pure transport
time delay. Because of the UEGO sensor location, the transport
time delay is significanly greater than the time constant of the
UEGO sensor. Due to the feedback control bandwidth limitation
introduced by the time delay, the dynamics of the UEGO sensor is
above the control bandwidth and can be neglected for feedback
control design. Hence, the simplified engine “outer-feedback
loop” air-fuel ratio model can be considered as a pure variable
time delay, which can be identified using experimental vehicle
data. A first-order ARX model and time domain least squares es-
timation method is used for model identification. Figure 2 shows a
representative experimental and identified response. The solid line
is the measured air-fuel ratio and the dashed-dotted line is the
estimated model output. The mean air-fuel ratio is removed from
the data for identification purposes. It can be seen that the identi-
fied model matches the measurement data well.

The identified overall time delay � consists mainly of two parts:
the cycle delay �c and the exhaust gas transport delay �s. The
cycle delay �c is due to the four stokes of the engine and it is
approximately one engine cycle. Hence, the cycle delay is given
by

�c =
720

�360/60�n
=

120

n
�s�

where n is the engine speed in RPM. The transport delay �s is due
to the exhaust gas flowing from the exhaust valve to the tailpipe
UEGO sensor and it varies inversely with the air flow rate assum-
ing an average exhaust temperature, i.e.,

�s =
�

ṁa

�s�

where the coefficient � is determined based on experimental data
and ṁa is the air mass flow in lb/min. Thus, an approximate esti-
mate for the overall time delay of the feedback system is given by
�=�c+�s. Since one engine cycle delay has a fixed relation with
the engine speed, we will remove the engine cycle delay part from

ck” loop AFR control system configuration in
ba
the identified time delay. The residue is the exhaust delay which is

JULY 2007, Vol. 129 / 405

 license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



c
t
�
e

F
e
d
=
t

4

Downlo
onsidered to be solely dependent on the air mass flow. Based on
he time delay identification results, we obtain an average value
=1.831 for the F-150 V8 4.6 l engine. Hence, the approximate

stimation of the time delay is given by

� = �120

n
+

1.831

ṁa
� �s� �1�

igure 3 shows the relation between the air mass flow and the
xhaust delay. The data points represent the identified exhaust
elay ��−�c� and the solid line is the estimated exhaust delay �s

� / ṁa. The average estimation error is 0.115 s. It is worth men-
ioning that the sampling time for the experimental data is 0.1 s.

Fig. 2 System identification example „mean
=3.0047 lb/min; mean air fuel ratio=1.1…
Fig. 3 Exhaust delay versus air mass flow
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Therefore, the delay estimation using Eq. �1� approximates the
identified time delay very well. In the following, the obtained time
delay estimation is used to schedule the designed LPV controller.
Generally, mass air flow can be determined based on the speed
density relationship �1� or based on flow sensor measurements.
Due to hardware limitations on the available vehicle platform,
measurements required for the speed density calculation are not
available. In the present work, the mass air flow ṁa is measured
using a production hot wire mass air flow sensor.

3 LPV Controller Design for a Simplified Engine
Model

3.1 Controller Design Objectives and Challenges. During
an NOx purge cycle, the engine is running at a rich air-fuel ratio.
Then, the engine is subsequently commanded to run at a predeter-
mined lean air-fuel ratio, typically 1.1 or 1.4 times the nominal
stoichiometry. A feedback controller is required to regulate the
lean air-fuel ratio in the presence of disturbances, such as, canister
purge, open loop uncertainties, and unmodelled dynamic effects.
The design objectives include the following:

�a� Tracking performance: The controller should control the
engine to reach the reference air-fuel ratio as quickly as
possible and the final steady state error should be zero. It
is required that the air-fuel ratio regulation performance
remains the same for different engine operating condi-
tions for drivability and aftertreatment purposes.

�b� Disturbance rejection: For the system subject to uncertain
disturbances, such as canister purge and measurement
noise, the air-fuel ratio excursion should be as low as
possible.

�c� Transient response: The percentage overshoot should be
minimized. 0% overshoot is desired. There is a trade-off
between this requirement and the disturbance rejection

gine speed=1137 rpm; mean air mass flow
en
requirement.
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�d� Implementation: The designed controller should have a
simple structure for the ease of implementation and
calibration.

Furthermore, the above design objectives need to be achieved
or the full engine operating envelope. From Sec. 1, it can be seen
hat the variation of the time delay due to the engine operating
ondition change is significant. It is known that the time delay
esults in a bandwidth limitation for the feedback control. Thus,
he main challenge in the present work is to handle the large time
elay variation so that satisfactory feedback control performance
s achieved regardless of the delay. In addition, the controller de-
ign method should be systematic and generic, i.e., the same de-
ign procedure should be carried out to obtain controllers for dif-
erent models of the vehicles.

3.2 LPV Control Design Interconnection. The general sys-
em interconnection for the LPV controller design in the lean burn

ode is shown in Fig. 4, where r�t� is the commanded air-fuel
atio input for the fuel injection system, y�t� is the tailpipe air-fuel
atio measurement, and Gsys is the simplified engine model, which
s considered to be a pure variable time delay. Similar engine

odeling simplification strategies can be found in �27�. For con-
roller synthesis, Gsys is approximated by a first order parameter
ependent Padé approximation given by

Gsys�s� �
1 −

�

2
s

1 +
�

2
s

�2�

here � is the variable time delay in the engine model. Since we
re addressing set-point air-fuel regulation during steady-state
ean burn operation, the delay remains constant at the specific
perating condition. Higher order Padé approximation can be used
or the LPV design at the cost of increasing the order of the
esigned controller, which is undesirable for implementation. In
rder to achieve zero steady state error corresponding to an air-
uel ratio set-point, the LPV controller is selected to have an ex-
licit integrator term. Hence, KLPV in Fig. 4 is the parameter vary-
ng part of the LPV controller to be designed.

3.3 Performance Weight Selection. The weighting functions
lay an important role in the LPV control design. For improved
erformance, high order weighting functions can be applied.
owever, this will increase the order of the dynamic controller.
hus, for our purposes a constant performance weight and a 1st
rder robustness weight are used in the present application. The
election of these weights is discussed below. Generally, there is
o explicit solution for the weight selection which will lead to an
ptimal design. Therefore, the desired performance is obtained by
arefully tuning the corresponding weighting functions. In auto-
otive applications, a simplified and systematic weight selection

rocess is important for testing and production purposes. Then,
ontrollers can be easily designed for different models of a ve-
icle. As a result, a systematic weight function selection and tun-
ng procedure is desirable for the proposed LPV air-fuel ratio
ontrol design. In the following, a generic weighting function se-
ection procedure is developed for the lean burn air fuel ratio

Fig. 4 Weighted control structure for LPV synthesis
ontrol. The selected weighting functions are parameterized by the
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time delay and the desired performance can be easily obtained by
tuning a so called “aggressive factor” in the formulation of the
weighting function.

Consider the weighted control structure in Fig. 5, where r is the
reference signal, y is the output, and G0�s� is a first order Padé
approximation of the time delay. Therefore, the loop transfer func-
tion is given by

L�s� = G0�s�K�s�

WP is the performance weight on the sensitivity function S
=1/ �1+L� and WT is the robustness weight on the complementary
sensitivity function T=L / �1+L�. Consider the following selection
of weighting functions:

WP�s� =
�B

*

s
�3�

WT�s� =
s

s/M + �BT
* �4�

The weight Wp�s� specifies a minimum bandwidth �B
* �actually �B

*

is the frequency where the straight-line approximation of the
weight crosses 0 dB� and zero steady-state error. It also specifies a
sensitivity function S�j�� whose magnitude increases by
20 dB/decade at frequencies lower than the bandwidth when the
condition �WP�j��S�j�����1 is satisfied. Therefore, the band-
width requirement of the closed-loop system can be used for the
selection of �B

* . The selection of the robustness weight WT�s� is
based on the phase margin requirement. As a rule-of-thumb, a
percentage overshoot condition on the closed-loop system will be
approximated as a phase margin constraint. Therefore, in order to
obtain robust stability for a multiplicative delay uncertainty e±�s,
�BT

* is selected such that �BT
* �1/�. Since the overshoot is related

to the phase margin which is another index of robustness, we will
investigate the connection between phase margin and the uncer-
tainty weight WT�s�.

It is known that a time delay � yields an additional phase con-
tribution of −��c rad �−57��c deg�, where �c is the gain cross-
over frequency. Therefore, a phase margin Pm �deg� indicates that
the closed-loop system is robustly stable for a delay uncertainty
�= Pm /57�c. On the other hand, if the system is robustly stable
for a delay uncertainty �, then the system will have a phase mar-
gin at least Pm=57�c�. Therefore, the � value in the robustness
weight WT can be tuned to achieve the desired phase margin of the
system. As the � value increases, �BT

* decreases. Consequently,
the bandwidth of the closed-loop system after design decreases
and the corresponding phase margin increases and vice versa.
Hence, the desired phase margin and step response can be
achieved by tuning the value of �. Thus, � is named “aggressive
factor” of the weight �4�. Furthermore, an appropriate � value to
start the design can be chosen as

� =
Pm�

57
�5�

where Pm is the phase margin requirement. Due to the bandwidth
limitation imposed by the time delay, the upper bound of the gain
crossover frequency �c using feedback control is less than

Fig. 5 Weighted control structure
1/� rad/s. As a result, the system will have a minimum phase

JULY 2007, Vol. 129 / 407
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argin Pm �deg� if the condition �WT�j��T�j�� � �1 is satisfied.
Now, back to the design interconnection in Fig. 4, it can be

bserved that an integrator is introduced explicitly in the control
oop. Therefore, the integrator in the weight WP can been removed
nd the corresponding performance weights can be selected as
ollows:

W1 = �BT
* �6�

W2 =
s

s/M + 1/�
�7�

t is desired for the closed-loop system to have a bandwidth larger
han 0.1 rad/s. Therefore, the performance weight is chosen as

W1 = 0.1

n the above discussion, the selection of � is based on the phase
argin requirement. In general, a phase margin larger than 65 deg

ields a percentage overshoot less than 3%. Therefore, the phase
argin requirement is selected as Pm�65 deg. For the LPV de-

ign, the “aggressive factor” � is tuned to provide the best overall
erformance as long as M � �1. A value of M =300 is selected in
q. �7�. This value does not significantly affect the controller per-

ormance. Hence, the proposed tuning procedure is the following:
Step 1: Set Pm=65 deg, M =300, and �BT

* =0.1.
Step 2: Calculate � using Eq. �5�, where � is the maximum time

elay considered for the LPV controller design.
Step 3: Select the weighting functions as in Eq. �6� and Eq. �7�.
Step 4: Design the LPV controller according to the control

tructure in Fig. 4.
Step 5: Check the step responses. If the overshoot is observed,

ncrease � and go back to step 2. If the response is sluggish,
ecrease � and go back to step 2.

Step 6: Obtain the final LPV controller.
The selection of � for our LPV design is �=1.4 and the corre-

Fig. 6 LPV controller
ponding robustness weight is given by

08 / Vol. 129, JULY 2007
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W2 =
s

s/300 + 1/1.4

Details on the LPV controller synthesis are provided in the fol-
lowing section.

3.4 LPV Controller Synthesis. The state space realization of
the first order Padé approximation Eq. �2� is

ẋ = −
2

�
x + u

y =
4

�
x − u �8�

It can be seen that the plant Eq. �8� is parameterized by 	=1/�
affinely. Therefore, for the LPV controller design, 	 is chosen as
the scheduling parameter and will be used to schedule the LPV
controller in real time. This parameter can be calculated based on
the measured engine speed and the air mass flow using Eq. �1�.
The augmented control design interconnection in Fig. 4 has three
state variables. The synthesis of the proposed LPV controller in-
volves the solution of a set of three parameter-dependent linear
matrix inequalities �LMIs� �18,19�. These inequalities can be re-
duced to a set of finite dimensional LMIs, first by appropriate
selection of basis functions that define the functional dependence
of the Lyapunov matrices X�	� and Y�	� on 	, and then by grid-
ding the parameter space and solving the inequalities at the grid
points �18,28,29�. However, for validation the constraints have to
be checked later on a much denser grid. For the problem at hand,
we select the following form for the Lyapunov parameter matri-
ces,

del reduction results
X�	� = X0

Transactions of the ASME
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Y�	� = Y0 + 	Y1 +
	2

2
Y2 +

	3

3
Y3

he choice X�	�=X0, a constant Lyapunov matrix, allows the LPV
ontroller to be designed so that it is rate independent �18�. In
ther words, the LPV controller is not a function of the rate of
ariation of the parameter allowing easy practical implementation.

According to the time delay identification results, the maximum
ime delay is 2.7 s when the engine is idling and the minimum
ime delay is 0.3 s. However, instead of using the full delay varia-
ion for the LPV controller design, a time delay range �0.7 2.7� s
ill be considered for two reasons. First, the parameter for LPV

ontroller synthesis is the inverse of the time delay 	=1/�. Thus,
xpanding the design parameter range from �0.7 2.7� s to
0.3 2.7� s enlarges the synthesis parameter range of 	 signifi-
antly, and increases the conservatism of the LPV control design.
econd, the vertex controller designed for a 0.7 s delay can be
sed to accommodate all the possible delays less than 0.7 s. Such
n accommodation will not result in any stability concern, because
t is equivalent to time delay overestimation. The phase margin of
he closed-loop system increases when the time delay is
verestimated.

The rate of variation of the parameter 	 is assumed to lie in the
et �−0.5 0.5� for the LPV controller design. As 	̇ appears linearly
n the LMIs, we only need to check the corresponding LMIs at the
xtreme points −0.5 and 0.5. Designing rate-independent control-
ers does not mean that the rate information is not used during the
esign. The LPV controllers are guaranteed to provide the desired
tability and performance when the rate bounds on the parameter
ariations are respected. The design parameter grid is spaced uni-
ormly with 21 points, i.e., there is a grid point every 0.1 s from
.7 s to 2.7 s. The achieved induced L2 norm performance level is
.585. The LMI solutions are further checked on a 201 points
rid, i.e., using a grid point every 0.01 s. The designed LPV con-
roller consists of 21 vertex controllers. Linear interpolation is
sed to obtain controllers when the corresponding parameters are
ot exactly on the grid points.

The designed LPV controller provides satisfactory time-domain
nd frequency domain performance for the full engine speed op-
rating region. The designed controller is in the standard LPV
orm �18�. However, this controller has a complicated structure
hat does not allow its implementation in automotive applications.
n the next section, we will reduce the controller order and we will
ormulate the scheduled controller in a simple analytical
arameter-dependent format with coefficients represented as func-
ions of the time delay, which greatly simplifies its practical
mplementation.

3.5 Controller Order Reduction and Explicit
arameterization. Each vertex controller of the designed LPV
ontroller has 3 poles and 2 zeros. However, there is only 1 domi-
ant pole and 1 dominant zero for every vertex controller. The
dditional 2 poles and 1 zero only characterize the high frequency
ynamics of the controller outside the frequency region of inter-
sted. A simplified controller structure can be achieved by remov-
ng the high frequency dynamics of the vertex controllers and
eeping only the corresponding steady state gain. Figure 6 shows
he LPV controller model reduction results. It can be seen that the
ow frequency characteristics of the controller are preserved very
ell.
As a result, the scheduled controller obtains the following first

rder lead-lag parameter dependent structure:

K�s� = Kg	
s

Tz
+ 1

s

Tp
+ 1
 �9�

here the parameters Kg, Tz, and Tp are functions of the time

elay, which is a function of the engine speed n and the air mass
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flow ṁa. To simplify the controller implementation, we obtain
analytical expressions of the parameters Kg, Tz, and Tp as func-
tions of the delay using polynomial interpolation �see Fig. 7�. The
results of the polynomial fitting are the following:

Kg = 0.1807�1

�
�3

− 0.6701�1

�
�2

+ 0.8173�1

�
� − 0.0133

Tz = 2.0010�1

�
� − 0.0005

Tp = 0.1030�3 − 0.6736�2 + 1.5683� + 0.1984 �10�
The expressions in �10� provide a simple functional dependence

of the parameters Kg, Tz, and Tp with respect to the delay � that
define a simple explicit parameterization of the LPV controller.
Such an explicit functional dependence cannot be obtained from
single point H� designs.

The LPV controller design does not use any vehicle information
other than the time delay estimation result and the design is solely
based on the time delay range. This results in a general implemen-
tation framework because the designed controller can be imple-
mented on any other vehicle with the same time delay range with-
out any controller redesign. However, the time delay estimation
used for scheduling needs to be tailored for different vehicles.

3.6 Controller Validation. The explicit simplified gain
scheduled controller is validated via frequency response analysis
and time-domain simulations. Figure 8 shows the Bode diagrams
of the loop transfer functions. It can be seen that all loop transfer
functions cross over 0 dB between 0.2 rad/s and 0.3 rad/s. In
addition, the loop transfer functions roll off −20 dB/decade at
frequencies lower than the bandwidth. Clearly, the designed loop
transfer functions satisfy the design requirements. Figure 9 shows
the Nichols charts of the loop transfer functions. It can be seen
that all loop transfer functions have a phase margin approximately
65 deg. Also, all the Nichols charts are tangent to the 0 dB circle,
which indicates that the percentage overshoot should be close to
0. Figure 10�a� shows the step responses at the design grid points
using the exact delay representation. The lower time delay limit of
the controller design is 0.7 s, therefore the vertex controller de-
signed for a 0.7 s delay is used to accommodate all the possible
delays less than 0.7 s. Figure 10�b� shows the step responses for
time delays less than 0.7 s. It can be seen there is no significant
effect using the vertex controller at 0.7 s. Furthermore, it can be
observed that the settling time is less than 10 s and the percentage

Fig. 7 Polynomial fitting for the coefficient of the LPV
controller
overshoot is less than 2% for all the design grid points. Hence, the
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esigned LPV controller satisfies the design objectives. On the
ther hand, neglecting the time delay variation and designing a
ingle nominal H� controller for the longest delay case �2.7 s�

Fig. 8 Bode diagrams of
Fig. 9 Nichols charts of the
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results in poor tracking performance for shorter delays �see Fig.
11�. This result demonstrates the importance of taking into ac-
count the delay variability in the control design.

e loop transfer functions
loop transfer functions
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Fig. 10 Closed-loop step response „LPV controller…

Fig. 11 Closed-loop step re

Fig. 12 Controller implem
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4 LPV Controller Implementation and Validation

For implementation purposes, the LPV controller needs to be
discretized. The sampling rate for discretization is chosen as
50 ms according to the setting of the Ford air-fuel control algo-
rithm. The approach in �30� is used to discretize the continuous-
time LPV controller.

The proposed LPV controller implementation block diagram is
shown in Fig. 12. The delay estimation Eq. �1� is developed based
on steady state engine operation conditions. During the transient
engine operation, the cycle delay is varying simultaneously with
the engine speed variation, but, the exhaust transport delay does
not vary as fast as the air mass flow varies. The high frequency
content in the air flow rate measurement will not immediately
contribute to the time delay variation due to the relative slow
thermal and fluid dynamics in the exhaust gas. Therefore, in order
to remove the high frequency content in the air mass flow mea-
surement, a discrete-time low pass filter given by

x�n� = 0.9x�n − 1� + 0.1u�n − 1�

sponses „H� controller…
entation block diagram
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y�n� = x�n�
s applied to the air mass flow measurement before the delay
stimation. The saturation block is used to bound the estimated
ime delay in its designated range.

4.1 Simulation Results. The designed controller implementa-
ion strategy is validated through time-domain simulations and
xperimental vehicle tests. An experimental speed and air mass
ow profile from an FTP drive circle �see Fig. 13� is used for
imulation. Figure 14 shows the corresponding estimated delay
rofile in the engine. The engine model for the simulation is a
ariable time delay component that uses the estimated time delay
rofile. In order to characterize the open loop disturbances in the
ngine operation, such as fuel injector uncertainty and canister
urge, an alternating pulse disturbance profile of time duration
5 s and amplitude ranging from −0.02 to 0.02 is added to the
ir-fuel ratio input of the engine. The purpose of the simulation is
o investigate the disturbance rejection performance of the de-
igned LPV controller at different engine operating conditions.

In practice, the estimated time delay will not exactly match the
ctual time delay in the engine and exhaust system. Therefore,

Fig. 13 Speed and air mass flow profile
Fig. 14 Variable time delay estimation
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simulations with delay estimation errors have also been carried
out. Figure 15 shows the simulation results for 3 cases: �i� exact
time delay estimation, i.e., the LPV controller uses the same time
delay as the actual time delay in the engine model; �ii� 20% time
delay underestimation; �iii� 20% time delay overestimation. The
dashed line is the preset air-fuel reference signal. The solid line is
the simulated tailpipe air-fuel ratio output when the estimation of
the time delay is exact. The corresponding underestimated delay
case is shown by the dashed-dotted line and the overestimated
delay case is shown by the dotted line. It can be seen that the LPV
controller successfully regulates the tailpipe air-fuel ratio to a pre-
set reference in the face of the large variable delay in the engine
model. Hence, the robustness of the LPV controller to delay esti-
mation errors is indeed satisfactory. It can be seen that the three
corresponding time responses are almost overlapping. A more de-
tailed view of the simulation results is shown in Fig. 16. It can be
observed that for the underestimated delay case the response
speed is a bit faster and there is a small increase in the percentage
overshoot. For the overestimated delay case, the response speed is
a bit slower. This is as expected because the phase margin of the
closed-loop system will increase when the time delay is overesti-
mated.

Fig. 15 Air-fuel ratio regulation simulation results

Fig. 16 Air-fuel ratio regulation simulation results „detailed

view…
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Experimental Results
Finally, the controller was implemented on a F-150 truck with a

8 4.6 l lean burn engine. Figure 17 shows the experimental re-
ults for a low speed driving condition, which characterizes the

Fig. 17 Low engine speed driving
Fig. 18 Highway driving experim
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long delay case. It can be seen that the tailpipe air-fuel ratio
reaches its reference value and settles in about 8 s using the LPV
controller. Highway driving experimental results using the LPV
controller are presented in Figs. 18 and 19. Figure 18 shows the

perimental result „LPV controller…
ental results „LPV controller…
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ailpipe air-fuel ratio reference �dashed line�, measured tailpipe
ir-fuel ratio �solid line�, and the lean burn control activation flag
dashed-dotted line�. The controller is activated when the value of
he flag is equal to 1. In addition, the simulated tailpipe air-fuel
atio using the simplified engine model is shown �dotted line�. The
orresponding engine speed and estimated time delay are shown
n Fig. 19. It can be observed that the tailpipe air-fuel ratio starts
ncreasing from 1 and converges to the reference after the control-
er is activated. The settling time is always less than 10 s despite
he engine speed changes. No significant overshoot is observed.
learly, the LPV controller provides satisfactory performance at
oth low and high engine speeds. Also, it can be seen that the
imulated tailpipe air fuel ratio is very close to the actual mea-
urement. This confirms that the simplified engine model is accu-
ate enough for the tailpipe air-fuel regulation purposes.

Conclusion
An LPV controller is designed for precise air-fuel ratio control

n lean burn SI engines. The controller is scheduled based on the
ariable time delay in the feedback loop to accommodate the en-
ine speed and air mass flow variability. A first order simplified
ain-scheduled controller that includes polynomial forms of the
ontroller gains as a function of the control loop delay is obtained
o satisfy desired transient and steady-state response characteris-
ics. Both simulations and experimental results in a Ford F-150
ruck with a V8 4.6 l lean burn engine demonstrate the efficiency
f the LPV controller to regulate the tailpipe air-fuel ratio for the
ull engine operating envelope.

In the present work, a constant set-point regulation of the air
uel ratio is considered during steady-state lean burn operation at
ariable operating conditions. During transient engine operation,
he commanded air-fuel ratio varies based on the engine’s capa-
ility of lean operation as a function of engine speed and load. As
result, the air fuel ratio reference can vary very rapidly. Conse-

uently, a single feedback controller is not capable of tracking
uch kind of fast varying air-fuel ratio reference due to the band-
idth limitation imposed by the time delay. Extensions of the
roposed control methodology to address transient lean operation
sing a two degree-of-freedom control strategy will be examined
n future work.

ig. 19 Highway driving experimental results „LPV controller…
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