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Abstract

Actuation schemes exist that permit the joint manage-
ment of air and fuel flow into the cylinders of a spark
ignition engine. With the exception of drive by wire
systems, to-date, the transient control aspects of these
schemes, collectively refered to here as secondary cylin-
der air flow actuators, has not received any attention
from the control community. This paper takes a first
step in the analysis of the simultaneous dynamic control
of air fuel ratio and torque response using secondary
actuators placed before the intake ports of the cylin-
ders, when used in combination with standard fuel in-
jectors and primary throttle regulated by the driver.
The emphasis is on basic issues of designing a feedfor-
ward scheme to enhance actuator authority for feedback
control, and the fundamental multi-variable nature of
the feedback problem. Enhanced transient air-to-fuel
ratio performance improvement is shown to be possible
without sacrificing engine torque response with respect
to a conventional engine. In addition, this is achieved
with overall higher manifold pressure, offering the pos-
sthility of reduced pumping losses in the engine, depend-
ing on the actual actuation scheme employed.

1 Introduction.

Environmental regulations continue to drive research on
improved vehicle emissions and fuel economy. Achiev-
ing cleaner burning and more fuel-efficient automobiles
without compromising drivability is a challenging task.
The engine management system has to satisfy rapid
driver commands for acceleration. In conventional en-
gines, the driver controls the amount of air inside the
intake manifold through a mechanical linkage between
the pedal and throttle mechanism. Rapid changes in
the throttle position strongly influence the cylinder air
charging process, mixture formation and transient per-
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formance of the engine (Manz, 1992). The changes
in the air charge appear topologically as output dis-
turbances in the air-to-fuel ratio (A/F) control loop,
and ultimately affect the Three Way Catalyst (TWC)
efficiency through A/F deviations from stoichiometry.
The control of the A/F around stoichiometry is usu-
ally based on regulating the fuel flow to follow the air
flow changes imposed by the driver. The associated
feedback control system, however, does not have suffi-
cient bandwidth to reject these disturbances due to the
long “transport” delay in the induction-compression-
combustion-exhaust cycle. Current A/F control prac-
tice relies heavily on feedforward cancelation of the es-
timated air charge disturbance, which makes it vulner-
able to model uncertainties. For this reason, there has
been a considerable research effort in developing alter-
native sensing and actuating techniques that can im-
prove A/F control.

Various studies on A/F control can be roughly di-
vided into two categories. The work represented by
(Moraal, 1995; Hendricks et al., 1993) and references
therein address the scarcity and nonlinearity of the con-
ventional sensor set. The emphasis in these studies
is on the reconstruction of signals available for feed-
back, and the accurate and robust knowledge of the
system states. The second category of studies addresses
new engine configurations, namely, the introduction of
new actuators that regulate the air flow into the mani-
fold depending on the primary throttle (driver’s pedal)
movement. Developments in the area of drive-by-wire
(DBW) throttle systems (Emtage et al., 1991) and elec-
tronic throttle control (ETC) (Chang et al., 1993; Bidan
et al., 1993) revive early investigations of combining air
control in addition to fuel control (Prabhakar et al.,
1975) to improve A/F control and reduce engine emis-
sions. Obviously, the additional actuators do not allevi-
ate the feedback limitation in the fuel loop, but provide
an additional degree of freedom to better manage the
tradeofl between fast torque response and tight A/F.
Although promising results have been shown in (Chang
et al., 1993; Bidan et al., 1993) and references therein,
the DBW system decouples the engine from the driver
and requires additional fail-safe mechanisms.

In view of these difficulties and in light of newly de-
veloped mechanisms that allow cylinder air flow con-
trol for reduction of pumping losses (load control), we



investigate the potential ability of these secondary ac- Primary Throttle
tuators to improve A/F control and, thus, contribute

in emission reduction. The best cylinder flow control

functionality is achieved by a camless engine (Schecter
and Levin, 1996). Other studies (Tuttle, 1980; Ma,
1988) have shown that intake valve closing can be used
to control engine torque and reduce pumpir@-"l‘@% S;
the latter is achieved by reducing the need to throt—
tle the air flow through the primary throttle body. rq‘

(Gray, 1988), supplementary valves in the inlet pord \' /Z
or manifolds are discussed as an alternative solutio %
to fully variable valve timing. In a recent experimen- \A.
tal work (Vogel et al., 1996), the authors compare the
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pumping work of an engine equipped with secondary
valves with the theoretical pumping work of an ideal,
early-closing intake valve system.

The goal of this paper is to investigate if secondary ac-
tuators in the inlet port of the cylinders (Fig. 1) can be
used in coordination with the fuel injectors to achieve
(i) tight A/F control, (ii) good tracking of torque de-
mand while maintaining conditions for low pumping
losses. We are going to investigate the feasibility of
the secondary actuators concept based on some pa-
per studies and simulations, without actual hardware
for experimental validation. Hence we use a simplistic
model for the secondary actuators; details will depend
on the eventual hardware implementation. Qur work is
intended in part to identify whether any fundamental
difficulties exist with the secondary actuators concept
that would preclude further development. We also wish
to compare, to the extent possible, the potential per-
formance of the secondary actuators with respect to
other schemes. In fact, although our work identified
issues that must be addressed in the use of secondary
cylinder air flow actuators (i.e., the actuator authority
in different operating ranges), the concept shows suffi-
cient promise to merit further development. Indeed ad-
ditional work on secondary actuators is ongoing (Kang
and Grizzle, 1998; Kang and Grizzle, 1999).

For the control analysis and design, the engine model is
based on the initial work in (Crossley and Cook, 1991)
and (Foss et al., 1989). The engine model developed
in (Crossley and Cook, 1991) has been modified to de-
scribe the effects of secondary actuators placed before
the intake ports of the cylinders. The secondary actu-
ators are modeled as a gain (f.) multiplying the con-
ventional mass air flow into the cylinders. In the new
control scheme, the primary throttle is still regulated
by the driver, alleviating safety related problems. It
is assumed that a reliable and accurate torque mea-
surement 1s available, such as could be obtained from
an in-cylinder pressure sensor (Powell, 1993) or accu-
rate crankangle acceleration measurements (Srinivasan
et al., 1992). A linear EGO sensor for A/F measure-
ment is also supposed.

Figure 1: Schematic representation of 4-cylinder engine
with secondary cylinder air flow actuators.

The contributions of the analysis done here is the iden-
tification of the different control authority regions for
regulating the steady-state air flow into the cylinders.
This result, although well known in the thermodynamic
community ((Heywood, 1988), pg. 307), has not been
previously addressed by control engineers.

The paper is organized as follows. Definitions of the
variables and their units are provided in the next sec-
tion. An overview of the model is given in Section
3. Section 4 discusses the dynamics of the nonlin-
ear breathing process after the introduction of the sec-
ondary actuators; the nonlinear feedforward design of
the set points for the secondary actuators is discussed
in Section 5. The relationship between the primary
throttle position and the torque set-point for the control
scheme is described in Section 6. The linear feedback
design is discussed in Section 7. Results and compar-
isons are given in Section 8. Conclusions and future
work are discussed in Section 9.

2 Nomenclature.

A/F  air-fuel ratio

m mass flow, g/sec

N flywheel speed, rad/sec

P pressure, bar

Ty shaft torque, Nm

Ty engine brake torque, Nm

0 primary throttle angle, degrees

0. gain due to secondary actuators, uniteless (0 = 1)



3 Engine Model.

This section gives an overview of the nonlinear mathe-
matical representation of the engine model developed in
(Crossley and Cook, 1991) and (Foss et al., 1989), and
the modification used to describe the use of secondary
actuators. The model is a continuous-time nonlinear,
low-frequency' phenomenological model with uniform
pulse homogeneous charge, and lumped parameter ap-
proximation of breathing and rotational dynamics. The
nonlinear mathematical representation of the engine
model with secondary actuators is constructed, based
on physical engine characteristics, by modulating the
mass air flow into the cylinders by a simple multipli-
cation with a signal (6;). The signal (6.) takes values
from 0 (high modulation) to 1 (no modulation). Fig-
ure 2 shows the block diagram of the engine model with
secondary actuators.

Throttle

fo(©)a(Pr)

H_

N | Rotational
Dynamics
eC
Pumping l
rhC ] Tor
que
Fair() 'haair@_ Generation

Air Flow Fuel Path N Exhaust

ferential equation (see (Powell and Cook, 1987)) that
relates the rate of change of the manifold pressure (Py,)
to the flow rates into and out of the manifold (1 and
Meyt, respectively)

d . . R-T,,
— P = Ky (g — Mey), where Ko, =

dt

Y

Based on the nominal manifold temperature (7;,), the
manifold volume (V;;,), and the specific gas constant
R = 287 J/kgK, the constant K, was calculated to be
equal to 0.413 bar/g. This model is an engine event
averaged representation of the intake manifold filling
dynamics. The dynamic manifold pressure obtained by
this model is not the instantaneous manifold pressure.
The mass air flow rate into the manifold (rg) through
the primary throttle body is a function of throttle angle
(#), the upstream pressure (P,), which we assume to be
the atmospheric, i.e., P, = 1 bar, and the downstream
pressure, which is the manifold pressure (P,,). When
the manifold pressure is less than half of atmospheric
pressure, i.e., P,/P, < 0.5, the flow ry through the
throttle body is described as sonic flow and depends
only on the primary throttle position. The function
describing g in the two flow regimes is given in (Novak,

1977) and (Prabakhar, 1975) by :

Th me = f5(0)9(Pm)

fo(68) = 2.821 — 0.052310 + 0.102996% — 0.0006363
1 if P, < P,/2
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Figure 2: Engine model with secondary actuators.

Breathing process dynamics

The manifold was analyzed as a single control volume
with the throttle plate controlling mass air flow into the
manifold, and the engine cylinders in combination with
the secondary actuators controlling mass air flow out
of the manifold. Based on the “Filling and Emptying
Models” described in (Heywood, 1988), the manifold
acts as a plenum, where the rate of change of the man-
ifold pressure (P,,) is proportional to the mass air flow
rate into the manifold (rng) minus the pumping mass
air flow rate (1) into the cylinders. The manifold
dynamics are described by the following first order dif-

!Tn this model mass flow rate, manifold pressure, and torque
are represented by their average values over an engine event.

The é(l)li?%ntional engine pumping mass air flow rate
(Mgsr) 1s a function of manifold pressure (P,,) and en-
gine speed (N) and is given in (Crossley and Cook,
1991) by :

Mair = fair(N, Pp) = —0.366 4+ 0.08979N P, — 0.0337TN P2 +

The secondary actuators modulate the air flow rate out
of the manifold and into the cylinders, so the mass air
flow rate into the cylinders (i) is modeled by :

mcyl =0, - maira (4)

where, 8. 1s indirectly related to the geometric charac-
teristics of an actuator that realizes secondary cylinder
flow control in the intake port of the cylinder. This
model is intended to capture the average flow rate of air
into the cylinder over an intake event, and not the in-
stantaneous, crank-angle by crank-angle, flow rate. The
mass air flow into the cylinders is in general express-
ible as ey (t) = foyi(pr(t), N(t),v(t)), where p,(t) is
the pressure ratio at the intake valve, and v(t) is the
physical actuator signal. Such an instantaneous (or



crank-angle) dependent model would be unwieldy for
control design, and hence, we assume that a mean-
value approximation of the cylinder air flow modu-
lation can be identified via experimental data or via
averaging the response obtained by simulations of a
crank-angle based model (Ashhab et al., 1998; Moraal
et al., 1993; Moraal et al., 1995). The mean-value
model can be defined with a nonlinear static map
Meyr = icyl(Pm, N,v), or equivalently, with a nonlin-
ear gain 0. = 0.(Pp, N,v) that modulates the nominal
cylinder air flow, rg (Pm, N), based on the equation
Meyt (P, N,v) = 0:.(Pm, N,v) - Mair(Pm, N). In this
work, the nonlinear gain 6. is defined as the control
signal as shown in Eq. 4. This model allows us to cap-
ture the mean value effect of a wide variety of devices
that allow modulation of cylinder air flow such as sec-
ondary poppet or rotational valves, shutters, and vari-
able camshaft or valve timing.

Process delays

The discrete nature of the combustion process causes
delays in the signal paths: between the mass charge
formation and the torque generation there exists a de-
lay equal to the compression stroke duration, (7'), and
between the exhaust manifold and the exhaust gas oxy-
gen (EGO) sensor there exists a delay which equals 3
times the intake event duration, (37"). The event T is
calculated by T' = Zﬁ sec.

FErhaust process dynamics
The dynamics of the exhaust manifold and the lin-
ear EGO sensor are modeled by a first order differ-
ential equation with time constant 7. = 0.15 sec and
7 = 0.20 sec, respectively.

Fuel path dynamics

The fuel puddling dynamics are important in accurate
transient A/F control ((Chang et al., 1993), (Hendricks
et al., 1993), and (Nishiyama et al., 1989)). In gen-
eral, 1t is difficult to accurately model the fuel pud-
dling dynamics (Moraal, 1995) because the parameters
of the model depend strongly on the fuel characteristics,
air backflow, and the temperature of the engine dur-
ing operation (Turin and Geering, 1995). The model
for the fuel puddling dynamics for a conventional injec-
tion/intake system is given in (Aquino, 1981) by

dgp(t) = =gy (1) + X (t)
arg () = (1= x)rngi(t) + Sy ()
where, my; @ injected fuel flow (Kg/sec) ,
myp © fuel film mass flow (Kg/sec) ,
mf : cylinder port fuel mass flow (Kg/sec) ,
and y : fraction of the injected fuel which 1s deposit

We stress here that the secondary actuators affect the
characteristics of backflow and temperature of the sur-

face where the fuel is injected, and thus the uncertainty

in the fuel path dynamics is an important consideration

in the control design phase. The nominal values of x

and 7y are chosen from (Aquino, 1981):

my = (=X)ryetl TXz:_flsHmfZ,where
—03+079—03+0710_038

6 =10: angle n degrees of the primary throttle,

and 7; = 0.1 sec, resulting in

0.062-s+1
01-s+1

my = mfZ (6)
Adequate transient A/F control during rapid changes
in the throttle position by the driver requires feedfor-
ward compensation of the fuel command since the in-
herent delay in the A/F feedback loop prohibits rapid
corrections through the feedback fuel command. The
feedforward fuel command is regulated on the basis
of the estimated cylinder air charge. The estimated
cylinder air charge is calculated based on the mass air
flow measurement at the mass air flow sensor (hot wire
anemometer positioned upstream of the throttle body),
and integrated during the intake event. The estimated
cylinder air charge is divided by 14.64 (nominal A/F)
to provide the feedforward fuel flow command used in
the A/F loop. The dynamics of the air flow meter
are modeled by a first order lag with a time constant
7, = 0.13 sec.

Torque generation

The torque generated by an engine depends on the igni-
tion of the cylinder charge, the mixture formation, and
engine specific physical parameters. Analytical curve
fitting techniques are applied to dynamometer-engine
experimental data in (Crossley and Cook, 1991) to es-
timate the steady-state brake torque generation given

T, = —181.3 4+ 379.36mcy; + 21.91A/F — 0.85A/ F? + 0.26
0.027N — 0.000107N? + 0.00048N ¢ + 2.550 M.y — 0.

where,

Meyt :mass air charge (g/intake event), mey = Moy =7

AJ/F  :air-to-fuel ratio |

o : degrees of spark advance before top dead center,

N : engine speed (rad/sec) , and

me : exhaust gas recirculation (g/intake event).

For simplicity in this study, the above equation was
used with spark advance equal to 30 degrees (¢ = 30),
and exhaust gas recirculation equal to zero (m. = 0).

%tatz&nal dgngggzg
very simplifie modﬁi oﬁ Né rotational dynamics is

used for the engine with the secondary actuators model.
The rotational motion of the engine crankshaft is given



in terms of the engine and the vehicle moment of iner-
tia (J), angular acceleration (N in rad/sec?), and the
difference between the net torque generated by the en-
gine (7T in Nm) and the load torque on the shaft (7; in
Nm):

2m, -

ST =T, — T = (J2Z\N.
b=Ti =g

(8)
The load torque in the shaft is calculated in (Foss et al.,
1989) using experimental data. It can be represented as
a function of the drag due to the engine friction (ege),
the aerodynamic drag (cqv ), and the selected gear ratio

(gr) :

rad?

20

18

T, = (cde + cavgr)N? |

cgg = 0.00015, drag due to the engine friction (Nm's6621
cqy = 0.001, aerodynamic drag (NTG'ZSCQ), and

gr = 0.197 (3rd gear).

The total inertia is a combination of the engine iner-
tia (Je), and the vehicle inertia reflected through the
drivetrain, and is given by:
J = Je+my(rwgr)? N%sjg where,
Je  : engine inertia,
m, : vehicle mass
rw . wheel radius (10)
gr : gear ratio
On the basis of vehicle data, J, = 0.14 N”:as;c2, v =

920 kg, and r, = 0.28 m were estimated.

4 Nonlinear Breathing Process.

This section concentrates on the nonlinear dynamics of
the engine breathing process. The study of the breath-
ing process behavior is used to investigate and deter-
mine the operating regions where the secondary actu-
ators (f.) have control authority in regulating the air
charge into the cylinders. The air charge for every in-
take event is a function of the mass air flow rate into the
cylinders and the engine speed, and it is directly related
to the torque produced throughout the power stroke.
Control over the transient and steady state values of
the mass air flow is necessary to meet the objectives
of good torque tracking and maintaining the A/F at
stoichiometry. The signal 8, must influence the static
and dynamic behavior of the manifold pressure, the air
flow into the manifold through the primary throttle po-
sition, and the air flow into the cylinders through the
secondary actuators.

For the basic model (without the secondary actuators),
the steady state operating point occurs at the inter-
section of the two trajectories of the mass air flow

Mass Air Flow (g/sec)

[N
N

[N
o

=3
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rates. This point is the nominal point shown in Fig.
3. The secondary actuators scale the engine pumping
rate (1gir) based on Eq. 4. Figure 3 shows the new
trajectories of the air flow rate into the cylinders and
the resulting new equilibria (set points in Fig. 3) for
the breathing process. For sufficiently large 8. < 1, the
steady state value of the mass air flow into the cylinder
ey 1s adjusted by causing the new equilibrium to shift
from the sonic flow regime to the subsonic region. A
closer investigation of the two regimes illustrates their
significance in the new control scheme.

L nominal point set oint 1 6c0.5
L, \ S p c—
7‘1 1 \‘\ ‘ |- ‘ Ll ‘ |- ‘ L1 ‘ |- ‘ L1 ‘ |- ‘ L1 ‘ |-
0 1 2 .3 A4 5 .6 7 .8 9

Manifold Pressure (bar)

Figure 3: Trajectories of the air flow into the manifold (e
for § = 10) and the air flow out of the manifold
(mcyl) for several values of secondary actuators
(6.). Engine speed is fixed N = 300 rad/sec.

When the flow through the primary throttle body is
sonic and therefore does not depend on the manifold
pressure, engine operation is in the flat region of rmy
in Fig. 3. Small changes in 6. cause no change in the
steady state value of the mass air flow in and out of
the manifold. For this reason, when the model of the
breathing process is linearized, the secondary actuators
have zero control authority on regulating the steady
state mass air flow into the cylinders. This can be
shown by the following transfer function between the
control signal Af. and the mass air flow into the cylin-
der Arngy (see Fig. 4) :

Ay (s) 1 s

Ab(s) 14 Eabl T 5t kpk;

(11)

The DC gain of the above transfer function is clearly

1



zero. The usual technique of incorporating an integra-
tor to regulate the steady state mass air flow into the
cylinders cannot be used here, since the transfer func-
tion has a zero at the origin that cancels the integrator
pole. It is also instructive to see this on a block dia-
gram level. Figure 4 shows the linear dynamics of the
breathing process for sonic flow after the introduction of
the secondary actuators. Note that the integrator loop,
which is an intrinsic part of the manifold dynamics in
sonic flow, rejects the signal . in steady state. Thus,
the control signal Aé. cannot adjust the air charge into
the cylinder by “smoothing” the effect of rapid throttle
changes. Consequently, in sonic flow, the control com-
mand A@. has zero control authority on the A/F and
the steady state value of the engine torque.

Pumping
Throttle .
A Rate

Y

E

AMgiy

AP

Figure 4: Block diagram of the linearized breathing pro-
cess.

In the case where the flow is subsonic, i.e., P, /P, > 0.5,
the air flow into the manifold depends on the primary
throttle position and on the manifold pressure; thus, the
linear model of the engine breathing process is different
from the above, and the application of multivariable
integral control is possible. The slope of the function
that describes g (see Fig. 3) indicates the control
authority of its operating point. It is clear now that the
control authority of the secondary actuators around the
set-point 2 in Fig. 3 is preferable to that around the set-
point 1. Around set-point 2, the secondary actuators
can be used to “smooth” the abrupt changes of air flow
by regulating the air flow rate into the cylinders at a
slower rate.

In conclusion, a nonlinear feedforward design of the 6,
set-points that allows operation in the subsonic flow
regime, where the secondary actuators have maximal
control authority, 1s necessary. This map will provide
the steady state position of the new control variables.

N
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5 Feedforward Control Design.

The natural nominal position of the secondary actua-
tors is wide open, i.e., . = 1. However, recall from
Section 4, that under these conditions the secondary
actuators often have zero control authority in adjust-
ing the steady state value of the mass air flow into the
cylinders. A solution that uses a control signal (6.),
which consists of a nonlinear feedforward term (0., )
plus a feedback term (0.,,) is proposed. The feedfor-
ward design ensures that the secondary actuators have
control authority over the steady-state value of cylinder
flow over all possible engine conditions.

The nonlinear feedforward term (f.,,) is designed to
satisfy the following three conditions: (i) it is a smooth
and non-decreasing function of the primary throttle
position (f) and the engine speed (N), ie., Oc,,
Oc;,, (0, N); (ii) the engine should deliver its maximum
power output when operated at or close to wide open
throttle (WOT), and (iii) maximal control authority
should be available without sacrificing combustion sta-
bility and performance. To achieve these objectives over
a wide range of engine operating conditions, one should
consider the effects of combustion stability, thermody-
namic performance indices and idle operating condi-
tions. Also, as discussed previously, depending on the
actuation scheme, the higher manifold pressure associ-
ated with the secondary actuators may result in higher
volumetric efficiency. Presently such an extended anal-
ysis has not been completed. Based only on a control
authority analysis, the following map has been devel-
oped for all engine speeds (see Fig. 5):

0.55

0.6445 — 0.0126 - 6 + 1.3125 - 10=* - 62 4 2.1875 - 10~

gcfw = 1— (9550)2
1

The reasoning behind this map is briefly explained.
First, usual driving conditions in urban areas corre-
spond to partly open primary throttle () interrupted
by rapid requests for acceleration and deceleration
(which are the main causes of A/F excursion). At
partly open throttle, the maximum power of the en-
gine is not required and hence f.,, < 1 is accept-
able. In addition, 6., has been adjusted to ensure
that the breathing process is operating near set-point 2
in Fig. 3. When the primary throttle is at or near
WOT, the secondary actuators must smoothly operate
close to the wide open position to ensure that maxi-
mum engine output can be achieved. Under WOT con-
ditions, P,,/P, = 1. Therefore, the secondary actu-
ators are operating in the maximal control authority
region, however, they have freedom of movement only
towards one direction. The secondary actuators can
reduce the steady-state cylinder air flow rate and reg-
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atmospheric pressure in the intake manifold can elim-
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inate wide variation in the time constant of the fuel
puddling dynamics. A reduction of the pumping losses
is|also expected due to the low manifold vacuum, how-
eyer the additional complication in the intake system
off the engine might decrease the volumetric efficiency.
Farther investigation of all the above issues will deter-
miine the effect of the new control scheme on fuel econ-
otny. Our results on the A/F control of a system with
a [primary throttle and secondary actuators will be in-
rumental to such an experimental effort. For control
purposes, usage of the feedforward term shown in Fig. 5
akes linearization fruitful and allows local linear feed-
ck design. To elaborate on this point, the feedfor-
ard term ensures engine operation at low vacuum for
ost operating conditions, thus reducing the number of
eed/load points that need to be included in the gain
heduling of the linear controllers.
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Figure 5: Static feedforward nonlinear term of the sec-
ondary actuators control signal (6.).

ulate the transient cylinder air flow rate during accel-
eration to cause lower A/F excursions. On the other
hand, not much can be done when the driver closes the
primary throttle: the secondary actuators cannot open
further (0 < 6. < 1) to “smooth” the abrupt decrease
of the air flow into the manifold by providing additional
air. Finally, when the primary throttle is nearly closed,
there is a minimum position for the secondary actua-
tors below which combustion stability issues have to be
addressed at different engine speeds. These issues will
have to be addressed when a particular actuator has
been selected, and, then, on a case-to-case basis.

The nonlinear feedforward scheme derived in this sec-
tion clearly indicates the control authority problems
that have to be surpassed in a system utilizing primary
and secondary actuators to the engine flow. The contri-
bution of the additional actuator to the overall vehicle
performance needs further investigation. A thermody-
namic evaluation is needed to determine the interaction
of the new control variables with the various engine per-
formance indices. An initial assessment of the influence
of the suggested feedforward scheme shows that the
feedforward term is beneficial to the manifold dynam-
ics. The engine operates at P, /P, ~ 0.9, i.e., manifold
almost fully charged, which causes considerably faster
manifold filling dynamics during part throttle driving.
This can be seen by evaluating the time constant of
the breathing dynamics at several operating points (see
Fig. 3). Achieving fast quasi-steady conditions close to

6 Demand Map.

In the engine with the secondary actuators, the input
is the primary throttle position (driver’s command). Tt
1s measured but not controlled. The torque set-point
(T4es) is calculated from the primary throttle position
(#) and the engine speed (N) measurements. This re-
quires a demand map, similar to the one used in DBW
schemes (Emtage et al., 1991), to determine the torque
set-point for any throttle position and engine speed.
This map is a nonlinear and well-defined map, 1.e.,
torque has a unique value for specific throttle position
and engine speed. For the purposes of this study, the
demand map was generated by simulating the model of
the conventional engine (without the secondary actua-
tors) for different throttle positions and gear ratios, and
recording the corresponding steady-state torque and en-
gine speed response. The torque from the demand map
will be used as the desired torque when the torque error
is calculated to adjust the control signals.

7 Feedback Control Design.

This section serves as an assessment of the potential of
the secondary cylinder air flow actuators in A/F con-
trol. To establish a reference for their potential ability
to regulate A/F, we provide simple control designs of
the same engine with currently used actuators. The
A/ F closed-loop response of the engine with the sec-
ondary actuators (f.-scheme) is compared to (i) the
conventional? A/F closed-loop response (F.-scheme),

2This scheme is called conventional because only the fuel
command is used to control A/F to stoichiometry during rapid



and (ii) to the A/F closed-loop response of an engine
equipped with electronic throttle (DBW-scheme). The
comparison is based on simulation results using the non-
linear dynamic model described in Section 3. In this
section, three linear multivariable controllers are de-
signed for the three different schemes.

The main objective of the three control designs is to
minimize A/ F excursions during rapid changes in throt-
tle pedal position, with zero steady state error. This
is achieved with integral control, by augmenting the
states of the system with the integral of A/F error.
A secondary objective for the closed-loop performance
of the engine with the secondary actuators, as well
as the engine with the electronic throttle; is to main-
tain good torque response during transients. Good
torque response amounts to (i) maintaining similarity
of the rate of torque change in the first phase of the
acceleration-deceleration with the conventional engine
torque response, (ii) avoiding torque hesitation during

the acceleration phase, and (iii) achieving the desired
torque response in steady-state. This

1s accomplished with the introduction of tﬁ'&e Conventional

Engine

torque error in the control design of the €T

good torque response. The control signal is cal-
culated based on the nonlinear feedforward term
and the linear feedback term (0. = 0.,, + 0c,,).
The same measurements are used as above, i.e.,
A/ F, torque, and throttle position measurements.

DBW-scheme : In this scheme, the driver con-
trols the pedal position, and the controller regu-
lates the throttle position (), and the fuel com-
mand (F;) to precisely control A/F and track the
torque demand (Tges). The measurements used
in this scheme are identical to the ones used in
the previous schemes.

The control structure of the three different schemes 1s
schematically shown in Fig. 6.

the secondary actuators (f.-scheme), and in the control
design of the engine with the electronic throttle (DBW-
scheme). Ensuring that the . and DBW schepaes have

torque response similar to the conventionft | pivo
an important objective and cannot be ignor Controller

the two schemes can “decouple” the driver Trom the
engine (in particular, from the cylinders). Without
a torque objective, these control schemes would try
to filter any rapid changes in air charge (lowpass the

disturbance) to minimize A/F excursions cap‘%i%ﬁgme

slow engine torque response. Thus, designing the two
schemes based on A/F regulation only will cause unac-
ceptable drivability.

The three schemes can be summarized as :

F.-scheme : During acceleration/deceleration,
the driver changes the primary throttle position
(#), and fuel command is used to minimize A/F
excursions caused by the rapid changes in the
throttle position. The fuel regulation is based on
A/F, torque, and throttle position measurements
(multiple-input single-output controller, MISO
controller). The A/F is measured using a linear
EGO sensor.

f.-scheme : As above, the driver controls the pri-
mary throttle position (¢), and the controller reg-
ulates secondary actuators (f.) and fuel command
(F.) to minimize A/F excursions and maintain

changes in throttle position. In the other two schemes (“non-
conventional”) fuel and air flow are jointly managed to maintain
stoichiometry. Although the Fi.-scheme is called “conventional”
A/F control, neither the control strategy nor the measurements
used are as in a conventional commercial vehicle.

Demand | Tdes 0 .| Demand
e v L Ve
| —
N, ] N o -
> g Engine T Engine
Tb 0c with b with
Secondary Actuators - Electronic Thrott
AFexh '€ AlFen Fo
Tp O V| Tdes J
AlFstoic MIMO MIMO |
Controller AlFgoic Controller
0 0 :
Nonlinear o (;\lomlrg_al .
Oy | Feedforward 'eo E?)riitlgg
6 - scheme DBW-scheme

Figure 6: Schematic representation of the three control
schemes.

In each case, we designed a linear multivariable feed-
back controller using LQG/LTR methodology. For the
engine equipped with secondary actuators and the en-
gine equipped with electronic throttle, we first aug-
mented integrators to the A/F and torque outputs to
guarantee zero steady state error. Appendices A and
C describe the linear feedback controller for the engine
with secondary actuators and the engine with electronic
throttle respectively. For the engine with conventional
A/F control, we only augmented an integrator to the
A/F output. The feedback control design is given in
Appendix B.

The engine model was linearized about an operating
point that lies in the acceleration curve of the engine,
and third gear was used in the powertrain rotational
dynamics. The nominal primary throttle position used
was 6 = 20°, and the nominal set-point for the sec-
ondary actuators was 61% open, resulting in manifold



pressure P, = 0.96 bar. The air flow into the cylin-
ders was 15.4 g/sec at 3000 RPM producing 31.5 Nm
of torque. The same amount of torque is produced by
the conventional engine at a primary throttle position
of # = 11.8°, with a manifold pressure of 0.51 bar. Note
that the operating point that corresponds to § = 11.8°
and . = 100% open (conventional operation) falls into
the low control authority region explained in Section 4.
For consistency in the comparisons, we designed all
three controllers to achieve the best possible closed-
loop response of A/F..p to an output A/F disturbance.
However, since the control loop structures (topologies)
are so distinct, we cannot expect similar transient per-
formance. For example, in the F.-scheme the torque re-
sponse cannot be modified significantly, whereas, in the
DBW-scheme the torque response can be greatly mod-
ified and air-flow disturbances from the throttle to the
A/F loop can be attenuated. Similarly to the DBW-
scheme, the f.-scheme offers the potential advantages
of having control authority over the air charge, and thus
being able to coordinate both A/F and torque via in-
dependent air charge and fuel actuation. In the DBW-
scheme, the throttle to torque (§ — T,) response is
specified based on the DBW-actuator time constant,
which is considerably larger than the expected time
constant of the secondary actuators used in the 6.-
scheme (we assume that the actuators that can realize
secondary cylinder air flow control have to be crank-
angle based mechanisms, hence very fast). Simulation
results for the three control schemes are shown in the
next section to illustrate their relative performance. A
more in-depth discussion of the underlying mechanisms
which determine the key features of their performance
1s also provided.

Robustness of the three control designs to actuator un-
certainty is an important issue of the feasibility of the
different control configurations. The engine model used
in the design of the multivariable controller includes nei-
ther the 8. actuator dynamics nor the electronic throttle
actuator dynamics. Furthermore, there is a great level
of uncertainty in the fuel puddling dynamics. At this
preliminary stage, we do not have sufficient information
to merit a comprehensive robustness analysis/synthesis
procedure. The LQG/LTR methodology we use has
been studied extensively for its robustness properties
with respect to such uncertainty (Zhang and Freuden-
berg, 1990). For the purposes of this paper, we tested
robustness simply by studying performance degradation
with some additional dynamics inserted into the loop.
Additional robustness studies would of course have to
be performed as the model 1s developed further.

8 Simulation Example.

The purpose of this section is to illustrate some of the
properties of the closed-loop system using the secondary
actuators, and compare them with the conventional and
drive by wire systems. Qur purpose is to show that
secondary actuators can yield potentially favorable re-
sponse when compared to the other schemes. A com-
plete study of the relative merit of the different engine
configurations is beyond the scope of this paper.
Figure 7 is a simulation of the nominal response of the
f.-scheme and the F.-scheme for a 10% step change in
primary throttle position, which corresponds to 16%
step change in torque demand. The 6#.-scheme has
+0.14% A/F excursion and essentially zero A/F and
torque error after 50 intake events. A dynamic model of
the catalytic converter is needed to evaluate the effects
of these A/F excursions to tailpipe emissions. The dy-
namic catalytic converter response depends on the am-
plitude and the frequency of the A/F excursions, and
a control oriented model of this behavior was not avail-
able when this work was done. The integrated absolute
error of A/F during a rapid throttle movement can be
used, however, as a measurement of engine emissions
during that period. The integrated error of A/F for
the F.-scheme is 0.0402 and for the 8.-scheme is 0.0051
showing a 83% reduction in integrated A/F error. Also,
the engine reaches the specified torque faster than in
the F.-scheme, improving drivability significantly. Note
that the conventional fuel pulse width duration control
cannot affect the torque performance of the engine.

It is important to note here that the #.-based MIMO
controller allows simultaneous improvement of both 75,
and A/F response, even-though it is well known that
there is an inherent tradeoff between fast torque re-
sponse and small A/F ratio. It is also true that the
secondary actuators cannot eliminate this tradeoff be-
cause the addition of actuators cannot change the lim-
itation due to the long delay in the fuel feedback loop.
It is known that multivariable controllers can achieve
different tradeoffs between interacting loops. This is
explained in the context of a related automotive appli-
cation in (Stefanopoulou et al., 1995; Stefanopoulou et
al., 1999). In particular, the . MIMO controller uses
the additional degree of freedom that the cross-coupling
mechanisms provide to better cancel the disturbance
from the air loop to the fuel loop.

The simulation in Fig. 8 shows the closed loop torque
and A/F performance for the #.-scheme and the DBW-
scheme. Both responses are well within the high-
efficiency window of the catalyst, though the absence
of the lean spike in the A/F in tip-in conditions in
the DBW-scheme is immediately noticeable. In DBW
throttle systems, the engine is decoupled from the
disturbances caused by the rapid throttle movements
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Figure 7: Simulation of the §.-scheme and F.-scheme.

which are imposed by the driver due to the slow DBW-
actuator. This isolated the high bandwidth torque de-
mands resulting in smooth A/F control. To maintain
the same good A/F results with secondary actuators so
would require a smoother (slower) torque response in
the engine which can be achieved by detuning the agr
loop. The correct tradeoff between A/F and drivability ss
can be defined only after a rigorous study of the emi:—
sions for an FTP cycle and the driver’s feel. We include
here the simulations in Fig. 8 as a point of reference in 32
a future comprehensive comparison. %
The performance of the 8.-scheme was also tested unai4.e8
der uncertainty in the fuel puddling dynamics due to its

importance in accurate transient A/F control. Figure 94
shows the torque and A/ F response of the above contrel

schemes using a time constant of 0.2 sec in the puddlh &
dynamics (see Section 3 for the nominal value). Tlhg,
simulation results show a limited performance degrad#-

tion of the closed loops, however the f.-scheme main-q4¢
tains the improvement of the torque response better

38

34

than the other two methods. The same comparativ@4.580

results between the F.-scheme and the 6.-scheme are
present: integrated A/F error in Fe.-scheme is 0.0547,
and in f.-scheme is 0.0084. The A/F response of the
DBW-scheme slightly degrades and the A/F integrated
error 1s 0.0085. Therefore, the f.-scheme maintains
emissions results comparable to the DBW-scheme.

9 10

Response under Uncertainty

Figure 8: Closed loop response of the f.-scheme and
DBW-scheme for a square wave in the de-
manded torque.
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Figure 9: Closed loop performance under uncertainty in
the fuel puddling dynamics.




9 Conclusions.

In this paper, an existing nonlinear dynamical engine
model was modified to include the effects on perfor-
mance of secondary actuators placed before the intake
ports of the cylinders. It was shown that different oper-
ating regions yield different levels of control authority
for regulating the steady-state air flow into the cylin-
ders. This result, although well known in the thermody-
namic community, has not been acknowledged by con-
trol engineers. It represents an important consideration
in designing cylinder air flow control schemes when the
primary throttle is regulated by the driver (throttled
operation).

The analysis carried out here emphasized global (non-
linear) issues in the design of the feedforward portion
of the controller, in order to improve actuator author-
ity for the ensuing feedback design, and to exploit the
physics of the manifold filling dynamics for potential
fuel economy gains. The feedback design then focused
on a single operating point, in order to determine the
potential dynamic benefits of the joint management of
air and fuel at (or near) the intake valve level; it was
shown to promise enhanced drivability and air-to-fuel
ratio control. The secondary actuators may thus pro-
vide an alternative solution to electronic throttles. A
global analysis of the feedback design problem is a sub-
ject of ongoing research.
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Appendix

A Feedback Control Design using Secondary
Actuators

The engine model with the secondary actuators is lin-
earized at throttle position equal to 20 degrees, sec-
ondary actuators equal to 61% open, engine speed equal
at 3000 rpm. The state variables of the linearized model
are manifold pressure, A/F at the EGO sensor, mass
air flow, angular velocity, fuel puddle, and states as-
sociated with second order Padé approximation of the
delays in the processes and signals. The state space rep-
resentation of the linearized model of the engine with
the secondary actuators is given by :

z(t) = Az(t) + Bu(t) + B,r(t) (12)
y(t) = Cx(l)
| 8. (sec. actuators) _ .
where u = [ F, (fuel command) |’ 7 = @ (primary throttle)

dy— T, (torque meas.)
and y = A/Fezn (meas. at the EGO sensor) |’

where, matrices A, B, B,, and (' are given below:

r—0.079 139.786 0 0 0 —1.013 0
0.019 —100 10.7952 0 0 0 0
—0.0289 0 —74.61 0 0 0 0
0 0 0 —6.667 0 2 0
—0.0001 0 —0.485 0 —7.692 0 0
A= 0 0 0.01 0 —1.5687 —0.001 0
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 333.33 0 0 0
0. 0. 0. 0. 0. 0. 0.
L 0 0 0 0 3.846 0 0
g _ [0 259675 102811 0 0 2.361e4+03 0 0 0
= lo 0 0 0 0 —8254e4+04 0 0 O

—2.978 0
0 0

0 0

c {—0.0231 410.86 0 O

0 0 0
0 0 0O 0 0 0 0
During changes in throttle position, it is important
to maintain A/F at stoichiometry and maintain zero
tracking error in the torque response. This i1s ac-
complished by augmenting the state vector with the
integral of the error in the A/F response (¢o =
A/ Fezh — A/ Fstoic), and the integral of the error in
the torque response (¢1 = Tp,, — Tb,..). The in-

put and state vector are augmented as follows: 7' =

p. 12

61.40
—0.0333

0 0
0o 2

B;:[O 0.4908 0.3622 0 0.0038 44.6284 0 0 O 0],

2.5 0]



[9 Th,.. A/Fstoic] , and = [l‘/

augmented system is :

G-l ol L1 o)

@ A & B B,

q']. The resulting

The controller feedback gains in v« = —-Kz =

[—Kl —Kz] [z] is found by solving the LQR prob-

lem:

K. — |0-0004 0.0411  0.0060 0.0156 —0.0173  0.0000
Y= (0.0000 0.0023 —0.0122 —0.0247 1.8198 —0.0004
K. — | 00099 0.0450

2~ (0.0014 —0.3130

For the complete LQG/LTR controller design, one
needs to estimate the states (x) using a Kalman fil-
ter. The real symmetric positive semi-definite matrix
representing the intensities of the state noises @, and
the real symmetric positive definite matrix represent-
ing the intensities of the measurement noises )y, were
assumed diagonal. Loop transfer recovery in the input
was employed and the resulting observer gain is given
below:

0.2582
—0.6951

0.0001
—0.0001

—0.0001
0.0003

—0.4108
0.3324

0.0016
0.0000

—6.3386

I_
L= 0.2615

B Fuel Feedback Control Design

The control structure of the conventional fuel control
configuration is shown in Section 6. The engine model
described in Section 3 without the secondary actuators
was used. The model is linearized at throttle position
equal to 11.8 degrees, and engine speed equal to 3000
rpm. The state space representation of the linearized
model is given by:

(1) = Aw(t) + Bu(t) + Bor(t) (14)

where u =F,
y =A/Fepp (meas. at the EGO sensor).

(fuel command),

0.0000
—0.006]'he—ocmumol ob yesiti ve_imokhe conwrpt}onal engine (A/ F

—56.4934

r = # (primary throttle), and

The matrices A, B, B,, and C used in the open loop
system are given below:

—_

o@%goooooo

- —0.079 139.785 0 0 0 ~1.013
0.0173  —100  26.852 0 0 0
~0.0280 0 ~10.908 0 0 0
0 0 0 ~6.67 0 2
4 — | 00001 0 ~0.0019 0 —7.692 0
= 0 0 0.024 0 ~1.5874 —0.001
0. 0. 0. 0 0. 0
0 0 0 ~222.2 0 0
0. 0. 0. 0. 0. 0.
L o 0 0 0 3.84 0
B'=[o 0 0 0 0 -82543 0 0 0 2],
B} =[0.0000 0.0000 0.8710 0.0000 0.0060 0.0000 0.0000 O

c_[oooooooo

0.0000 0.0004

2.5000 0]
0.0190 —0.03

control is based on regulating the fuel flow) is to main-
tain A/F at stoichiometry during changes in pedal po-
sition. For this reason, we used integral control, and
the augmented the input and state vector are given by
e [9 A/Fstoic] ,and ' = [x’ q]. The resulting
augmented system is :

-1 G5 o)

The gains of the designed LQR controller are given be-
low:

Ix"lz[O 0 —-0.027 —-0.035 1.877 —0.0006 0.0016 0.0045 —0

ko = —0.949, and the gain of the designed observer is:

6.4796  —0.5916 —0.0322  0.0018
79.6739 _ PR30 Q.00RQ0 —B.4964 =B:.Hpe7| 0.0059 —20.1610
—0.8831 0.0004 0.0022  0.3602° 0.0000  0.0494

C Feedback Control Design using Electronic
Throttle.

In an engine equipped with a electronic throttle, the
driver controls the accelerator pedal position, but the
actual throttle position that regulates the air flow into
the manifold is electronically controlled. The engine
model described in Section 3 is modified to include the
new control command, and linearized at throttle posi-
tion equal to 11.8 degrees, engine speed equal at 3000
rpm. The state space representation of the linearized
model is given by :

16
y(t) = Ca(t) 1o
0. (electr. thr. command)
where u = , and
Fe (fuel command) (17)

_| T
y= A/Fexh

(torque measurement)
(meas. at the EGO sensor)( )

p. 13

4.
—12



The matrices A, B, B,, and (' are given below:

r —100 26.852 0 0 0 0
0 —10.908 0 0 0 0
0 0 —6.667 0 2 0
0 —0.002 0 —7.692 0 0
Ao 0 244.19 0 —1.587¢ + 05 0 0
= 0 0 0 0 0 100
0 0 —222.22 0 0 —33.33
0. 0. 0. 0. 0. 0.
139.786 0 0 0 —1.013 0
L o 0 0 3.846 0 0
B - {0.0000 0.8710 0.0000 0.0060 0.0000 0. 0. 0. 0.
= 10.0000 0.0000 0.0000 0.0000 —82543 0. 0. 0. O.
- {410.86 0 0 0 -2978 0 0 0 0.023 0}
= 0 0 0 0 0 0 0 25 0 ol

Changes in the accelerator pedal position imposed by
the driver represent changes in the demanded torque.
For an electronically throttled engine, the driver is dis-
connected from the engine, and does not cause “distur-
bances” in the A/F loop. However, good engine torque
response must be maintained to satisfy drivability re-
quirements. Zero steady state torque error is accom-
plished by augmenting the states with the integral of
the error 1n the torque response. In this control scheme,
A/F control is limited only by sensor/actuator limita-
tions and uncertainties in the modeling. The control
design followed is similar to the earlier design in Ap-
pendix A. The controller feedback gains and the ob-
server gain L are given below:

& _ [04046 09368  0.1478  —0.0005 000  —0.0016
1= 127691 —0.8089 —0.5292 1.9192 —0.0290 0.0199
K, — [0-1000 03135 J
2= |0.0031 -9.9951]| "
s _ [0.0000 —0.0001 —0.4094 0.0016 —6.3390  7.3912
0.0004 0.0020  0.3463 0.0000 0.3095 —11.4118

0 0
0 0
0 0
0 0
0 1.575
900 0
—233.33 0
2. —5.
0 0
0 0
]
—0.0047 0.1574
0.0551 —2.277
—0.5880 —0.0300
1.3235 0.4716

—0.0233
—0.0005

0.2397
—0.8408

Coocoococooo

—o

—0.0009}

3.0441

0.0018
—0.0001

|

.14
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