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Abstract

Presented in this paper isarobust feedback controller design
procedure to regulate the torque of a spark ignition engine
equipped with an electronic throttle mass air flow controller.
To this end, a system level model of engine torque pro-
duction is experimentally determined. Next, a crank-angle
domain He, controller is designed to control engine torque
with zero steady state error while addressing the nonlinear
system characteristics and pure delay. The controller de-
sign methodology applied to the torque control problem is
presented and an interpretation of the controller provided.
Engine dynamometer data acquired from a Ford 4.6L V8
engine demonstrates the Ho, controller successfully rejects
noise and disturbances while meeting transient and steady
state performance objectives.

1 Introduction

Two of the largest challenges for the automotive industry
are (1) the improvement of automobile fuel economy and
(2) the reduction of emissions. To accomplish these goals,
sophisticated automatic engine control strategies must be
constructed to ensure proper air/fuel delivery is maintained
during all driving scenarios. One method of improving au-
tomobile fuel economy while reducing emissions is to im-
plement lean burn technology [1].

Lean burn technology consists of |ean engine operation dur-
ing certain driving modesto improve vehicle fuel economy.
An estimated five to six percent increase of fuel economy
is anticipated during homogeneous lean operation. The im-
provement of fuel economy during lean operation is gained
from reducing engine pumping losses and improving ther-
modynamic efficiency.

L ean burn technol ogy typically implements athree-way cat-
alyst that is able to store NOx (alean NOx trap or LNT)
during lean operation. Once the catalyst isfilled with NOx,
the engineis operated rich to purge NOx fromthe LNT and
allow lean operation to resume.

During these lean/rich air/fuel transitions, the enginetorque
should remain relatively constant in order to maintain vehi-
cle drivahility. Since the torque of a spark ignition engine
varieswith air/fud ratio (AFR), one of the many challenges
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implementing lean burn technology is engine torque con-
trol.

The objective of thisinvestigationisto design arobust feed-
back controller to regulate the torque of a 4.6L V8 spark
ignition engine equipped with an electronic throttle mass
air flow controller. Individual air charge per cylinder is di-
rectly related to torque production [2]. Therefore, mass air
flow may be commanded to minimize torque variations via
an open loop mapping or by the design of an outer loop
controller with torque feedback. Torque feedback may be
provided by a sensor, however this would be costly. This
has led to an increasing amount of literature investigating
engine torque estimation algorithms|[3, 4]. For thisinvesti-
gation, torquefeedback will be provided viathe dynamome-
ter load cell. However, this design methodology may also
be implemented using an estimate of the engine torque. Be-
yond torque control for conventional lean burn systems, this
work has applications including hybrid automobile engine
control, vehicle speed control for intelligent vehicle high-
way systems, improved stoichiometric fuelling during tran-
sients, improved transmission shifts, aswell as many others.

The controller design challenges for torque control are
three-fold. First, the system contains a pure delay, which
must be incorporated in the design. Second, many param-
eters such as AFR, engine speed, mass air flow, spark, and
exhaust gas recirculation (EGR) affect engine torque pro-
duction. Third, the controller must accommodate a large
range of engine operating conditions. To overcome these
challenges, a model must be determined by either first prin-
ciples and/or system identification techniques. It turns out
that first-principle models of a spark ignition engine are too
unwieldy to be of much use in controller design. Conse-
quently, our modeling efforts were focused on an exper-
imental method of system identification that captures the
nonlinear engine torque characteristics for a large range of
operating conditions. The model uncertainty must be ad-
dressed and requires robust controller design methodolo-
giesto guarantee system performance. H. methods are em-
ployed for this purpose.

Torque control has been investigated by several researchers:
Kamei [5], Kolmanovsky [6], and Balluchi [7] and refer-
ences therein. However, the controller design methodol-
ogy presented in this paper is based on the determination
of a static torque function, experimental system identifi-



cation, and finally a robust H., controller design. In this
paper, a 4.6L V8 spark ignition engine torque production
system level model is experimentally determined. In addi-
tion, an He controller is designed to control engine torque
with zero steady state error while addressing the nonlinear
system characteristics and pure delay. A discussion of the
controller design methodol ogy applied to the torque control
problem and an interpretation of the design is presented.
Engine dynamometer data demonstrates the H., controller
successfully rejects noise and disturbances while maintain-
ing acceptable performance.

2 Main Results

A robust feedback controller design procedureis presented
for the regulation of engine torque. The controller design
addresses the following:

1. induction-to-power delay,

2. torque production variations due to: AFR, engine
speed, mass air flow, spark, and exhaust gas recircu-
lation (EGR),

3. and alarge range of engine operating conditions.

Furthermore, the controller must maintain zero steady state
error and provide acceptable transient behavior. The solu-
tion presented is broken into two parts, (1) identification of
the system including a steady state function of torque pro-
duction and (2) an H. robust controller design.

2.1 ldentification of Dynamic M odel

A two part system identification process is employed to de-
termine the control-oriented system model. First, a static
(steady-state) function is measured to capture a large ma-
jority of engine nonlinearities. Second, a transfer function
estimation of the combined system, i.e. the static function
and engine, is calculated to develop a dynamic model with
uncertainty. To accomplish these goals, experimental data
was collected from a Ford 4.6L V8 spark ignition engine
and 175 hp eddy current dynamometer using a dSpace data
acquisition system. The two part system identification is
detailed in the following subsections.

2.1.1 Development of Nonlinear Steady State
Torque Map: Engine torque production is affected by
several variables: AFR, engine speed, mass air flow, spark
timing, and EGR. For this reason, a linear model alone is
not applicable to describe the system dynamics from engine
mass air flow to torque production. Therefore, a function
representing the relationship between mass air flow, engine
speed, and AFR to engine torque in tandem with an uncer-
tain linear model will be developed. For this investigation,
EGR and spark timing are not commanded explicitly by the
torque controller. The engine control module will actuate
these parameters based on normal engine operation. There-
fore, for thisinvestigation, EGR and spark timing contribute
to the uncertainty of the model.

The development of a static engine map is an important
step in linearizing the system. Experimental data was col-
lected sweeping mass air flow for A (AFR/AFRg;i ) val-
ues bounded by 0.7 and 1.3. Data was collected at vari-
ous engine speeds between 800 rpm and 4000 rpm. The
forward-regression version of the orthogonal least squares
(OLS) estimator was implemented to efficiently determine
a polynomial equation describing the relationship between
A, torque, engine speed, and mass air flow. The forward-
regression orthogonal procedure selects parameters from a
set of possible candidate parameters such that the maximum
increment to explained variance is achieved for each addi-
tional model parameter. Billings provides a complete de-
scription of this procedure [8].

From first principles, torque is proportional to the follow-
ing [9],

MAF
RPM-A°

However, engine torque is not significantly affected by A <
1 provided A does not exceed the rich limit of the engine.
Engine torque is significantly affected by A > 1. Therefore,
anonlinear term, A, isdefined as
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The nonlinear term, A, provides another possible model pa-
rameter which incorporates more information regarding en-
gine torque production. Possible combinations of torque,
engine speed, and A or A will be included in the set of pos-
sible candidate parameters for the relationship between A,
torque, engine speed, and mass air flow. The following is
alist of possible candidate parameters: DC term, A, A2, A3,
Torque, Torque?, Torque®, RPM, RPM?, RPM3, A - Torque,
A2. Torque, A - Torque?, A - RPM, A2-RPM, A-RPM?,
Torque- RPM, Torque? - RPM, Torque: RPM?, A - Torque-
RPM, A, A2, A3, X Torque, A?- Torque, A - Torque?, A - RPM,
A2-RPM, A-RPM2, and A - Torque- RPM. The forward-
regression orthogonal procedure selected model terms from
the possible candidate terms to determine the steady state
relationship between requested engine mass air flow and en-
ginetorque, rpm, and A. This relationship may be described

by
MAF equeted = ©1 - (Torque- RPM - A) + @2 (RPM). (3)

where ©n are the parameters identified by forward-
regression OLS. As expected, the first principles relation-
ship from Equation (1) is contained within the polynomial
relationship. Equation (3) was validated to ensure a proper
mapping was achieved. Now that the static engine torque
function has been developed, the identification of the dy-
namic system may begin.

2.1.2 System ldentification of Steady State Torque
Function and Engine: A model of the engine dynamics



Table 1: Engine Conditions for Dynamic System | dentification.

Speed | Engine | Torque Lambda

(mph) | RPM | (ft-lbs) | (AFR/AFRggich)
~25 1000 78 1.0and 1.3
~A47 1260 110 10and 1.3
~58 1550 155 1.0and 1.3
~T4 2000 142 10and 1.3

related to torque production is required for controller de-
sign. So far, a static function has been determined experi-
mentally to remove the majority of the system nonlineari-
ties. Now, the frequency response estimation of the com-
bined system, i.e. the steady state torque function and en-
gine, may commence.

A block diagram of the dynamic system to be identified is
shown in Figure 1. White noise was sent as a command in-
put to the steady state torque function denoted by fn(-) in
Figure 1 and described in Equation (3). The white noise
perturbs the desired torque command while current engine
speed and A are also provided to the steady state torque
function. The output of the static torque function provides
a command to the mass air flow controller and in turn pro-
vides a perturbation signal to the engine. The mass air flow
controller and design is discussed by Ingram [10]. Desired
and actual engine torque were measured in the crank-angle
domain for several engine operating conditions as shown
in Table 1. Crank-angle domain measurements were sam-
pled every 90 degrees of crank rotation (% of an engine cy-
cle). For clarity, wg and sy will denote that frequencies and
the Laplace transformation are defined with respect to the
crank-angledomain. For moreinformation, crank-angledo-
main engine dynamics are discussed by Chin[11].

Desired

Torque I MAE

Requested Actual
AFR MAF Torque
,—’ LON ey o (T
Engine
Speed '

Figure1: System Identification.

The system was identified implementing a standard fre-
quency response function calculation,

Sy(jwe)
Sw(jwe)

where H (jwy) is the system frequency response function,
Sy(jwe) is the cross spectral density of the input and out-
put, and S«(jweg) is the auto spectral density of the input.
Thiscalculationis designed to provide an unbiased estimate
of asingleinput/single output system with uncorrelated out-
put noise [12]. For each operating condition shown in Ta
ble 1, an experimental frequency response of the systemwas
calculated. The frequency response functions are shown in
Figure 2.

H(joe) = (4)
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Figure2: System Identification of Engine Torque.

A nominal plant transfer function,

PO(SG) =

2
0.885((o%1) "+ 20art o+1) . (5
(N oy (W L ey

was devel oped using the experimental frequency responses
shown in Figure 2. The nominal plant transfer function was
chosen such that the magnitude of its frequency response
is approximately equal to the mean of the experimental fre-
guency response magnitudes for each frequency. It is clear
from the system frequency response functions that a pure
delay exists. Now that anominal plant has been determined,
the nonlinearities and uncertainty must be incorporated into
the model.

For this design, multiplicative uncertainty was chosen to
capture the system nonlinearities and delay (additive uncer-
tainty could have been chosen). Multiplicative uncertainty
may be written as

P=(1+AW)P, (6)

where P is the perturbed plant, P, is the nomina plant,
Wb is a fixed stable transfer function (minimum uncertainty
weighting function based on experimental frequency re-
sponse functions), and A is a variable stable transfer func-
tion satisfying

1Al < 1. @
The minimum uncertainty weighting function based on ex-

perimental frequency response functions, incorporating the
pure delay, may be determined by the following expression,

P(jwe)
Po(jwg)

Thisisdiscussed by Doyle[13]. Aniillustration of the min-
imum uncertainty weighting function based on experimen-
tal frequency response functions using multiplicative uncer-
tainty is shownin Figure 3.

—1‘ < Mb(jox)], ¥ 0. ®

2.2 H Torque Controller Design
Now that the steady state torque function and engine torque
have been identified, the Ho, torque controller may now be
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Figure 3: Uncertainty of Engine Torque I dentification.

synthesized. The closed loop torque control block diagram
may be written as shown in Figure 4. The input (w) is the
torque disturbance, output (2) is the actual output torque, (€)
and (u) are the controller input and output respectively, and
finaly (q) and (p) are the uncertainty input and output re-
spectively. The performance weighting function is Wy, Wo
is the uncertainty weighting function, and K isthe H con-
troller.

The general framework considered for H., controller de-
sign is shown in Figure 5. As defined by Equation (7),
the norm of the uncertainty, ||A||«, is less than or equal to
unity. Therefore the Ho, controller design seeks to find a
controller K such that the system is stable and minimizes
the He norm of the transfer function from w to z. The sys-
tem block diagram shown in Figure 4 may be manipulated
into the general H. framework shown in Figure 5. Once
this is complete, an H., controller may be designed using
standard methods. More information concerning the stan-
dard He controller design methodology may be found in
Zhou [14] and Chiang [15].

Tl
T

Figure 4: Block Diagram of Torque Control System.

2.2.1 Weighting Function Selection: Closed loop
system performance is contingent upon the choice of
weighting functions. The selection of weighting functions
is often difficult. However, there exist general guidelines
for developing weighting functions. The choice of weight-
ing functions and how each relates to engine control sys-
tems are given in Carnevale [16], Williams [17], and Chi-
ang [15]. More advanced techniquesfor selecting weighting
functionsexist, such as amethod devel oped by Franchek for
selecting weighting functions to enforce time domain toler-
ances[18]. Thisisby no meansacompletelist of references
regarding this subject. In general, the more weighting func-
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Figure5: General System Interconnection.

tion dynamics, i.e. poles and zeros, the larger order con-
troller [16]. Therefore, in a sense, the choice of weighting
functionsis constrained by order. However, if required, con-
troller order reduction techniquesexist to determinereduced
order controllers with little sacrifice to performance. The
following subsections will discuss the selection of weight-
ing functions for our application.

Determination of the Uncertainty Weighting Function: The
uncertainty weighting function, W», defineshow muchisre-
ally known about the system for controller design and may
also be manipulated to produce the desired closed loop sys-
tem response. Equation (8) isimplemented to determinethe
minimum uncertainty weighting function based on experi-
mental frequency response functions, Wb. The uncertai nty
weighting function for this controller designis

o +1
_ .01
Wa(s) = 0.43 Ep €)
where R
Mb(jo)| > Mb(jwg)]|, V we (10)

must be satisfied. The frequency response of W5 is illus-
trated in Figure 6.

Determination of the Performance Weighting Function:
The performance weighting function, W1, can be used to se-
lectively emphasize (and de-emphasize) various frequency
ranges of interest from the point of view of closed loop
performance. The performance weighting for this design,

0.0249

2 2(0.707 ’
(20308) + 50.106)89 +1

is chosen to weigh the low frequency content of the distur-
bance torque more than the higher frequency content. Es-
sentialy, this requires the H., controller to minimize the
error around lower frequencies at the cost of error around
higher frequencies. The frequency response of W isillus-
trated in Figure 6. The determination of the weighting func-
tions for He controller design may be somewhat intuitive,
however choosing the proper weighting functionsto achieve
an "optimal” system performanceis by trial and error.

Wi(sg) = (11)

2.2.2 Robust Torque Controller Design: One of
the system requirements of this controller design is the
closed loop system must have a zero steady state error. This
requires the controller to have one free integrator. Since
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Figure 6: Weighting Functions for Controller Design.

the He controller design is a synthesis technique, the de-
signer cannot directly dictate the location of certain poles
and zeros of the controller. To incorporate a free integra-
tor into the design, the nominal plant transfer function was
augmented with a free integrator and gain during the con-
troller synthesis. The H,, torque controller was determined
using the hinflmi command in MATLAB®1. Thefinal con-
troller was achieved after several design iterations. The de-
sign iterations consist of weighting function modifications,
specifically the placement of pole(s)/zero(s) and gain of Wy
and W5, until the desired closed loop response is achieved
viasimulations. The final weighting functions are given in
Equations (9) and (11).

Simulations of disturbances were implemented using
MATLAB & and Simulinky. Three plant transfer func-
tions with pure delays were simulated for each case. An
upper and lower bound on the experimental frequency re-
sponse functions, shown in Figure 2, as well as the nom-
inal plant were considered during simulations. The trans-
fer functions based on the upper and lower bounds of the
frequency response functions shown in Figure 2 were not
explicitly a part of the uncertainty considered via \Ws, but
merely extreme possibilities of the plant dynamics to test
the robustness of the controller.

After the design was complete, a balanced truncation
method was employed to reduce the order of the controller.
The reduced order controller, with the free integrator and
gain that previously augmented the plant during the design,
was then converted to the discrete domain. The final dis-
crete controller is

0.0101 + 0.01458z5 * — 0.003012z5
—0.011227, - 0.005795z5 *
—0.002287z5° — 0.0002182z°
1-0.1327z5* — 2.473z5
—0.2262z5 — 205625
—0.099597,° — 0.577375°

K(z*h = (12)

where the sampling period is 90 crank degrees and the sub-
script, 6, denotesthe controller isimplemented in the crank-

IMATLAB and Simulink are registered trademarks of MathWorks, Inc.
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Open-Loop Gain (dB)

aaaaa

300 250 20 10 BT
Open-Loop Phase (degrees)

Figure 7: Nichols Chart of Torque Control System.

angle domain. A Nichols chart describing the closed loop
system response for this controller, with each of the three
plants considered during simulations, is shown in Figure 7.
The three frequency response functions lie close to the 0
dB contour suggesting the final design should not overshoot
and/or oscillate. Furthermore, responses to higher frequen-
cies are attenuated as denoted by the amplituderoll off.

2.2.3 Experimental Validation of the Torque Con-
troller: TheH. torquecontroller wasimplementedinreal
time via dSpace and an engine dynamometer. A block dia
gram of the implementation is provided in Figure 8. Engine
speed and torque conditions for 25, 47, 58, and 74 mph, as
specified in Table 1, were investigated.

Results of thetorque controller for A disturbancesare shown
in Figure 9. Inthis case, the engine operating condition was
set to 25, 47, 58, and 74 mph and A was stepped between 0.7
and 1.3. The torque was recorded using a load cdll filtered
at 25 Hz. For the worst case, torque variations were 9.1
percent of nominal.

Inthis particular case, alikely cause of the torque variations
is the poor extension of spark timing beyond stoichiome-
try. Haider [19] demonstrated that reducing spark advance
can lead up to a 40 percent torque reduction. Poor spark
timing would cause an aggravated torque disturbance dur-
ing an AFR shift and therefore demand more intervention
from the torque controller. Better information concerning
spark timing would mitigate torque disturbances to the sys-
tem and improveoverall system performance. In addition to
spark timing, ancther likely cause is an improper coordina-
tion of air and fuel to the cylinder. The controller provided
zero steady state error and an acceptable response on the
dynamometer to the torque disturbances. However, vehi-
cle testing must be completed to ensure these results meet
vehicle drivability standards.

The torgue controller may also be implemented to change
desired torque. Again, engine conditions for 25, 47, 58,
and 74 mph were investigated. In this case, desired engine
torque was stepped while operatingat A = 0.7, A = 1.0, and
A = 1.3. In many conditions, the engine responded to a 20
ft-1b step changein desired torque within 12 to 34 enginecy-



cles. If required, an increase in transient performance may
be provided by the design of an appropriate prefilter. An ad-
vantage of the robust controller methodology employed for
this design is the fact the system, in general, responds well
over alarge operating range despite the system nonlineari-
ties.
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Figure8: Overal Block Diagram.
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gine Conditions.

3 Conclusions

In this paper a robust controller design procedure was pre-
sented for the regulation of engine torque. The method-
ology consisted of two parts: (1) the identification of the
open loop system and (2) an Ho robust controller design.
To demonstrate this procedure, a4.6L V8 spark ignition en-
gine torque model was experimentally determined. In ad-
dition, a crank-angle domain H., controller was designed to
control engine torque with zero steady state error while in-
corporating system nonlinearities and a pure delay. In the
worst dynamometer test cases with disturbances due to en-
gine AFR, torque variations were 9.1 percent of nominal.
To address vehicle drivability concerns, the controller must
be validated via driver evaluations. The torque disturbances
may be reduced using the same controller design method-
ology outlined in this investigation by taking into account
spark timing and EGR. In addition, disturbances may be
mitigated by better open loop coordination of spark timing,
fuel, mass air flow, and EGR.
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