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Abstract

The proper functioning of a catalytic converter requires precise regulation of A/F to the stoichio-
metric value. The control of A/F is usually based on regulating the fuel flow in proportion to air
flow changes imposed by the driver. However, due to the relatively long time delays in the fuel feed-
back loop, the controller cannot properly compensate for rapid air flow changes. To overcome this
deficiency, the possibility of air flow control has been suggested by implementing secondary throt-
tles in the intake runners. In this paper, a new structure for A/F and torque control is proposed
to enhance the global performance of a secondary throttles engine.

1 Introduction and Motivation

The main dynamics for which the A/F controller
should compensate are the fuel and air dynamics in
the intake manifold and the transport and process
delay owing to the event based nature of the engine.
In particular, the air dynamics in the intake man-
ifold is highly nonlinear, and has fast transients in
normal driving conditions. To keep up with these
fast transients, the A/F controller should have a high
bandwidth. This is typically achieved through a com-
bination of feedforward (fast, based on air measure-
ment) and feedback (slow, based on feedgas oxygen
level) control. However, even if the feedforward term
is “perfect”, the current A/F controller cannot com-
pensate fully for these fast transients. This is be-
cause fuel injection is performed on a closed intake
valve, and thus the fuel computation and schedul-
ing must be performed at least 360° of crankangle
rotation before the air change is injested into the
cylinder. To overcome this difficulty, air flow con-
trol has been studied : through an electronic throttle
in [1] or [4], for example, or based on the introduc-
tion of secondary throttles in the intake runners [10].
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This paper extends the work of [9], where a nonlinear
engine model was linearized around specific equilib-
rium points, and an LQG/LTR multivariable linear
controller was designed and simulated. The designed
controller demonstrated satisfactory A/F excursions
and transient torque response around the operating
points. However, the linear controller inevitably loses
control authority over the cylinder air charge at low
primary throttle angles.

Figure 1 shows the steady state equilibrium points
of the mass air flow rate at an engine speed of 300
rad/sec. As can be seen, at low primary throttle an-
gles, variation of the secondary throttles hardly af-
fects the mass air flow rate into the cylinders [9]. This
is illustrated in Figure 2, where the secondary throt-
tles drift after a tip-out, owing to the loss of control
authority. Another issue is that the fast transient re-
sponse of manifold pressure to a large tip-in excites
the system’s nonlinearities, and this has proven diffi-
cult to treat by gain scheduling.

To overcome some of the deficiencies of linear con-
trol, a combined nonlinear feedforward feedback con-
trol approach is pursued in this paper. An overview
of the nonlinear engine model is presented in the next
section. The controller’s architecture and design are
discussed in Section 3. The designed control law is
evaluated via simulations in Section 4. Conclusions
and future directions are disscussed in Section 5.
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Figure 1: Operating points corresponding to pri-
mary throttle angle [9].
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Figure 2: Simulation of linear control: step re-
sponses at low primary throttle angle (10?), en-
gine speed 300 rad/sec.

2 Discrete Engine Model

The basic model of the engine plus secondary throt-
tles used here follows the model of [9]. The main
difference is that [9] worked in continuous time, and
here, the independent variable is taken to be the
crank-angle, and this is discretized by 3 rad. Indeed,
the discrete event based nature of the engine combus-
tion process introduces time-varying delays depend-
ing on the engine speed, which motivates discretizing
the model syncronized with the engine events [2], [11].
The continuous 4-cylinder engine model, suggested
by Crossley and Cook [3], is discretized by an Eu-
ler approximation with periodic crank-angle, which
corresponds to the beginning of each event.

The dynamic model of the intake manifold is based
on the “Filling and Emptying model” described in
[7]. In this approach, the manifold is regarded as a
plenum with a constant volume, where the rate of
change of the manifold pressure is proportional to
the difference between the mass air flow rate into the
manifold (rg) and that pumped out of the manifold
into the cylinders (riiey). This relation can be ex-
pressed as a first order differential equation,

(1)

d . .
E m = Km(m9 - mcyl)

BT R is the specific gas constant, T

where K, = 5
is the manifold temperature, and V,,, is the manifold
volume. The Euler approximation based on periodic

crank-angle sampling gives

P (k+1)—Pn (k)
Af,

_ Pn(k4+1)—Pn (k)

AN
At - Abs

- N (k)
= Km(m9(k) - mcyl(k))
(2)
where Af is crank-angle sampling period, and N(k)
is engine speed.

The mass air flow rate into the intake manifold
(mp(k)) through the throttle body is a function of the
primary throttle angle (8(k)), the upstream pressure
(P,) and the downstream pressure, which is manifold
pressure (P, (k)). Upstream pressure is assumed to



Figure 3: Nonlinear discrete engine model.

be atmospheric (i.e. P,= 1 bar).

(k) = f(O(Kk))g(Pn(k))

F(O(k)) = 2.821 — 0.052316(k) + 0.102990(k)>
—0.000630(k)?

9(pm(k))

1 if Pn(k) <P,/2
= { 2/ Pu(k)Ps — Py(B)? if  Pr(k) > Py /2
3)
In a conventional engine, the mass air flow rate
into the cylinders (rs(k)) is a function of manifold
pressure (P,,(k)) and engine speed (N(k)), and for
the engine under study is given by

rg(k) = —0.366+ 0.08979N (k)P (k)

—0.0337N (k) Py(k)? + 0.0001N (k)2 Py, (k)

(4)

To include the secondary throttles, the conven-
tional mass air flow rate into the cylinders is slightly
modified as [9]

ey (k) = Oc(k) - iy (k) (5)
where 6.(k) is limited from 0 (completely closed sec-
ondary throttles) to 1 (wide open secondary throt-
tles). This provides control authority over the mass
flow rate of air into the cylinders.

Remark : The cylinder air flow could also be regu-
lated by variable intake valve timing, instead of sec-
ondary throttles. Essentially the same model would
result.

Calculation delay in fuel injection and delays be-
tween the exhaust manifold and the EGO sensor are
included in the discrete model, and the dynamics of

EGO sensor and exhaust manifold are modeled by
first order difference equations.

The steady state engine brake torque is affected
by many parameters such as ignition delay, EGR and
so on. To derive the general relations between these
parameters and brake torque, experimental data are
used along with curve fitting methods [2], [9].

Ty= —181.3 + 379.36m, + 21.914/F — 0.85A/F?
+0.260 — 0.002802 + 0.027N — 0.000107 N2
+0.00048N o + 2.550m, — 0.0502m,,
+2.360m,

where

Mg : mass air charge (g/intake event)

A/F . air-fuel ratio

N : engine speed (rad/sec)
Me : EGR (g/intake event)
: degrees of spark advance before
top dead center

(6)
For simplicity in the study, it is assumed that there is
no EGR (i.e. m.=0) and iginition (spark) delay (o)
is set to be 30°.

3 Controller Architecture and
Design

The control objective is to track torque demands im-
posed by the driver, while minimizing A /F excursions
from stoichiometry. The controller inputs will be the
secondary throttle “angle” and fuel. It is assumed
that A/F is measured by a standard EGO sensor
placed in the exhaust stream, just ahead of the cat-
alyst. In addition, it is assumed that some means of
measuring torque is available.

The difficulty of applying linear control is mainly
due to the highly nonlinear nature of the manifold dy-
namics. In this section, a nonlinear feedforward feed-
back control design is outlined, based upon feedback
linearization and gain scheduling. The basic idea is
to write 6.(k), the secondary throttles control signal,
as a sum of two control signals, feedforward portion
(Ocfw(k)) and feedback portion (6.rp(k)).

The feedforward signal is chosen to approximately
cancel the fast manifold dynamics that leads to A/F
excursions, and substitute in a reference mass air
flow model that has a speed of response that is more



within the means of the fuel controller. As an addi-
tional consideration, the reference model will be se-
lected to lead to a higher nominal manifold pressure,
thereby reducing pumping losses and increasing fuel
economy. Model inaccuracies will inevitably lead to
errors in the feedforward term. The primary goal of
the feedback signal will be to attenuate these errors
on the basis of measured torque and air-fuel ratio.
A nice benefit of the feedforward control employed is
that the feedback controller can be designed on the
basis of a simplified model.

3.1 Model Based Feedforward Control

The key idea of the approach is to adjust 6.(k) so
that the mass air flow rate into the cylinders follows
a reference model. The feedforward portion of the
secondary throttles control signal is

! ()

ecfw(k) = Wa (7)

+ model

where 7% (k) is reference mass air flow rate into

the cylinders, and 7i14(k) is an estimate of the mass
air flow rate into the cylinders.

3.1.1 Estimate of Mass Air Flow Rate

The estimate of the mass air flow rate is based on
the recent work in [6], and is expressed in terms of
estimated manifold pressure (P, (k)) :

rivg (k) = 1ivg (P (k), N (K)) (8)
The estimated manifold pressure (P, (k)) is derived
from (2) and the direct measurement of 7y (k) from
the hot-wire anemometer, whose dynamics are ap-
proximated as a first order lag with time constant .
The Euler approximation of the pressure estimate is

9)
where M AF (k) is the measurement from the hot-
wire anemometer. To remove the M AF (k + 1) term,
define the new variable :

X (k) = Py (k) — Koy MAF (k) (10)

This yields an estimate of P, (k) :

X(k—i—i)o:X(k) N (k)

= Kn(MAF (k) = 0c(k) - 1ing (P (K), N(B)) (1)

Pru(k) = X (k) + K7 MAF (k)

3.1.2 Reference Mass Air Flow Rate
Model

The reference cylinder mass air flow rate model
should be designed in consideration of fuel economy
and torque characteristics. Here, the model is speci-
fied in terms of a derived steady state response, fol-
lowed by a low pass filter. The steady state response
is expressed in terms of the steady state manifold
pressure Py (6, N) of a conventional engine, primary
throttle angle and engine speed :

mmodel (9, N)

f(0)9(Po/2 + 6)
f(0)g(Pss(6,N))

cyl,ss
_ if Pss(eaN))SPo/2+6
_{ if Py(0,N))>P,/2+0
(12)
where § is some small positive design constant. This
yields the mass air flow characteristics of the sec-
ondary throttles engine being similar to those of a
conventional engine at steady state. Furthermore,
steady state manifold pressure is always kept higher
than P,/2 + §, which decreases pumping losses with-
out serious mass air flow reduction. § is used as a
tuning parameter for the offset of mass air flow reduc-
tion at low primary throttle angle. Finally, mg;;’del (k)
is generated by low-pass-filtering rn20% (6 (k), N (k))-
The time constant of the low pass filter is determined,
as a function of actuator dynamics, to minimize A /F
excursions and maximize drivability. The reference
torque is determined on the basis of the reference
mass air flow model and engine speed, as shown in
(6). This value will be used in a MIMO controller as

a desired transient and steady state torque value.

3.2 MIMO Feedback Control

The potential benefits of the above feedforward con-
trol scheme will be lost if the mass air flow rate is
not accurately estimated. Therefore, it is necessary
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Figure 4: Open-loop engine model for feedback
design.

to perform closed-loop compensation to keep the dy-
namics of the engine following the reference model as
closely as possible.

The feedback signal is written as

Ac(k)

Pern ) = = )

(13)

The new control signal, A., is the feedback portion
of the mass air flow rate into the cylinder. Figure
4 shows the open-loop configuration. Note that the
highly nonlinear intake manifold dynamics is now ig-
nored due to (7); that is, it is assumed that the esti-
mated mass air flow rate is reasonably accurate. The
inputs to the system are A. and F., and the outputs
are Ty and (A/F)gco-

3.2.1 Simplified Gain Scheduling

A robust MIMO control law for the system of Fig-
ure 4 is designed through the LQG/LTR methodol-
ogy; the nominal model is linearized at a reference
mass air flow rate equal to 20 g/sec, and engine speed
equal to 300 rad/sec. To guarantee that steady state
A/F and torque error are equal to zero, integrals of
the torque and A/F errors are augumented to the
linearized model in the LQG/LTR design procedure.
The designed controller shows good performance over
the range of the mass air flow rate from 5 g/sec to
80 g/sec, and engine speed from 200 rad/sec to 700
rad/sec. To improve its performance at low engine
speeds, the simplified gain scheduling scheme of [5]
is applied, regarding the reference mass air flow rate
and engine speed as scheduling variables. The input
gain matrix of this method is optimized along these

variables, and scheduled to match the nominal loop
gain over the range of the mass air flow rate from
10 g/sec to 30 g/sec, and the engine speed from 150
rad/sec to 500 rad/sec.

3.2.2 Reference Governor

The above design does not take into account that the
control signal of the secondary throttles is limited
from 0 (completely closed) to 1 (wide open). Hence,
these actuators may saturate, deteriorating the sys-
tem’s response. During saturation, the integral state
of the torque error winds up and adversely affects the
fuel feedback control, due to the multivariable nature
of the controller. It also causes undesirable overshoot
in A/F response when the integral state finally un-
winds.

One of the ways to surmount this difficulty is to
introduce a supervisory loop which governs the refer-
ence mass air flow rate model so that the actuators
are always driven to the non-saturation region [8]. To
achieve this purpose, the following control law is sug-
gested. First of all, note that the air flow freezes at
the moment of saturation and it can be regarded as if
that loop is open (broken) during saturation. In this
condition, the excess air flow control signal during
saturation (Agq:) can be expressed as :

Asar (k) = (0c(k) — sat(0.(k)))rng (k) (14)
The idea is to use this portion of the control signal to
cause the reference torque to track the actual engine
torque by closing another loop so that torque error
becomes zero during saturation, while the controller
still updates the control signal.

Figure 5 demonstrates the new closed-loop config-
uration. When saturation occurs, 8.(k)(= Ocrw (k) +
Ocrp(k)) can be expressed as follows :

. ’C’;Odel(k)—Ac(k)
Bo(k) = Zel e
G ) Acsar(R) | T ()= Acia (b)
7 s (k) rivy (k)
=l ® R

(15)
During saturation, the system can be regarded as if it
consists of the superposition of two subsystems shown
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in Figure 6. The states of subsystem 1 are the equi-
librium points of the new closed-loop system when
the reference mass air flow rate locates on the bound-
ary of the non-saturation region, and those of subsys-
tem 2 are dynamical deviations from the equilibrium
states of subsystem 1. Through this new scheme,
it can be shown that the observer errors from the
LQG/LTR controller still converge to zero.

It is possible to choose the feedback gains in such
a way that the unsaturated and saturated (subsys-
tem 2) dynamics are simultaneously stabilized. From
stability of the control loop around subsystem 2, it
can be shown that A; A(k) converges to —A; sq¢(k)
to cancel the air flow error. Furthermore, in this case,
the steady state value of 6. is :

3 del s model s model
mee, +m m
l,sat 1A l
00 — cyl,sa _ cy — c'yA (16)
mpg mpg

which means the secondary throttles cannot remain
saturated in steady state when the steady state ref-
erence mass air flow rate is inside the non-saturation
region.
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Figure 7: +4° step responses at primary throttle
angle 5°, engine speed 100 rad/sec.

Remark : Simulations support the input to state
stability of the overall control system, though this
property has yet to be established analytically.

4 Simulation

To evaluate the performance of the proposed control
scheme, the closed-loop system was simulated at en-
gine speeds of 100 rad/sec and 400 rad/sec. The
torque and engine speed are assumed to be mea-
surable in real time, and step changes were given
in the primary throttle angle.  The simulation re-
sults demonstrate that the controller achieves good
performance, though the system response is getting
sluggish at low engine speed. The sluggishness is a
consequence of doing the control design in the crank-
angle domain. Indeed, the Nyquist frequency is pro-
portional to the engine speed in the crank-angle based
discrete system model. As a result, the controller’s
bandwidth width must be decreased as a function of
engine speed, and this is done by the gain scheduler
in the simulations.

To evaluate the reference governor, an improper
reference mass air flow rate model was implemented
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Figure 8: 44 step responses at primary throttle
angle 15°, engine speed 400 rad/sec.

on purpose, and simulated. The engine speed was
set to 250 rad/sec, and 4° step changes were given
about a primary throttle angle of 15°. The reference
steady state torque is larger than maximum feasible
torque at a primary throttle angle of 19°. Figure 9
shows that closed-loop response is seriously deterio-
rated without the reference governor, due to actuator
saturation (more extensive simulations even revealed
instability of the system without the reference gov-
ernor). On the other hand, it is seen that the effect
of saturation is noticeably reduced by implementing
the reference governor of Section 3.

5 Conclusions

In this paper, a nonlinear engine model equipped
with secondary throttles at the intake runner was
discretized with periodically with crank-angle, and
a model based feedforward feedback control scheme
was designed. It can be seen that a reasonably accu-
rate estimate of mass air flow rate into the cylinders is
critical to implement the suggested feedforward por-
tion of the control scheme. The MIMO feedback con-
trol design was based on the linearized model, and

) 10 20 30 40

Time(Seconds)

Figure 9: +4° step responses at primary throttle
angle 15°, engine speed 250 rad/sec.

to overcome actuator saturation, a reference gover-
nor was implemented. Finally, gain scheduling was
performed to increase the domain of validity of the
linear controller. The simulation results have shown
favorable performance of the proposed controller over
a wide range of operating points, thereby showing the
potential of secondary throttles in enhancing engine
performance without generating safety issues. In fu-
ture work, we will investigate the input to state sta-
bility of the control scheme. Also, the control design
will be improved to directly account for uncertainty
in the mass air flow rate estimate.
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