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Abstract

The problem of delivering as quickly as possible a re-
quested torque produced by a spark ignition engine
equipped with a multi-point port injection manifold
and with drive-by-wire electronics is addressed. The
optimal control problem, subject to the constraint that
the air-fuel ratio stays as close as possible to the
stoichiometric ratio, is solved using a detailed, cycle-
accurate hybrid model and hybrid control approaches.
The quality of the control law, that is particularly sim-
ple to implement, has been analytically demonstrated
and a set of simulations have been carried out.

1 Introduction

The ever increasing computational power of micro—
controllers has made it possible to extend the perfor-
mance and the functionality of electronic sub-systems
controlling the motion of the car. This opportunity
has exposed the need for control algorithms with guar-
anteed properties that can reduce substantially emis-
sion and gas consumption while maintaining the per-
formance of the car.

In this paper, we deal with the problem of delivering as
quickly as possible a requested torque produced by a
spark ignition engine equipped with a multi-point port
injection manifold and with drive-by-wire electronics to
control the throttle valve position. The optimization
problem is subject to the constraint that the air/fuel
(A/F) ratio stays as close as possible to stoichiomet-
ric value of 14.64 (the ratio that guarantees minimum
emission). A/F ratio evolution is subject to both air
and fuel dynamics. After fuel is injected, partly va-
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por turns into fluid that deposits onto the intake run-
ner. Hence only part of the injected fuel is immedi-
ately available for combustion, while the fluid film con-
tributes with a noticeable delay to the combustion pro-
cess since it has first to evaporate again.

The most used solutions to this problem consist of feed-
forward compensation of fuel dynamics [1, 6, 5], based
on mean value engine models [4]. However, the mean
values of the engine variables of interest may not be
enough to guarantee small transient deviations from
the optimal A/F ratio. In this paper, we propose an
approach, based on a hybrid detailed model of the cyclic
behavior of the engine, that is characterized by very
small deviations over the optimal A/F ratio. The hy-
brid model describes accurately the detailed behavior
of the drive-by-wire components, of the injections sys-
tems and of the torque-generation mechanism. The
discrete abstraction for parts of the model allows the
development of powerful closed-loop control laws.

The goal is to design a control law for the fuel injec-
tion durations and the throttle valve motor voltage so
to drive the evolution of the system from an initial
condition characterized by the delivery of a torque u°
to a final condition characterized by the delivery of a
requested torque u! in minimum time subject to con-
straints on emissions. The control problem solved here
is new not only because a detailed model for the in-
jection process is used but also because the entire con-
trol chain, from throttle motor to engine, is considered.
Our approach to the control problem at hand is to first
introduce and solve an auxiliary optimal control prob-
lem in the continuous time, and then to map the so-
lution back in the hybrid domain with the appropriate
inputs and models. By doing so, we are paying close
attention to constraint satisfaction that is essential to
obtain a control law that obeys emission limitations.
The quality of the control law has been analytically
demonstrated and extensive simulations have been car-
ried out.



2 Plant model and problem formulation

In this section, a hybrid model for vehicles with 4-
stroke 4-cylinder gasoline engine equipped with a
multi-point injection system and drive-by—wire is illus-
trated. The model (an expansion of the model in [2])
consists of four parts (see Fig. 1): two continuous-time
systems, modeling the power-train dynamics and the
air dynamics respectively, and two hybrid systems, one
modeling the behavior of each cylinder and one mod-
eling the behavior of each injection system.

Air Dynamics. The model of the quantity of air en-
tering the cylinder during the intake run is obtained
from the air flow balance equation of the manifold. The
air mass m,, loaded during an intake run, is subject to
the manifold pressure (p) dynamics which is controlled
by the throttle valve actuated by a DC motor. The
linearized model is

a(t) = aqnat) +byu(t) (1)

B(t) = ap p(t) + bya(t) ()

ma(t) = ¢ p(t) (3)

where « is the throttle angle and v is the DC motor

voltage.
Powertrain Model. Powertrain dynamics are mod-
eled by the linear system

¢(t) (4)

where ( = [@e,wc,wp]T represents the axle torsion
angle, the crankshaft revolution speed and the wheel
revolution speed. The input signal u is the torque
produced by the engine and acting on the crankshaft.
Model parameters A and b, depend on the transmission
gear which is assumed not to change. Integrating the
crankshaft velocity w., a single-state hybrid system
emits the event dead_point, when pistons reach either
the top or bottom dead centers.

Torque-generation. The behavior of each cylinder in
the engine is abstractly represented by a Finite State
Machine (FSM) and a Discrete Event System (DES)
modeling torque generation. The FSM state S; of the
i—th cylinder assumes values in the set H;,I;,C;, E;
which correspond to the Exhaust, Intake, Compression
and Expansion strokes, respectively, in the 4-stroke
engine cycle. When the event dead_point is emitted,
the piston reaches a dead center and a FSM transition
occurs. The DES describing the torque generation
process of the i—th cylinder increments its time counter
k by one at each transition of the FSM. Its inputs
are the masses m,; and m,; of air and fuel loaded
during the intake phase; its output is the torque u;(k)
generated by the cylinder. At the transition I; = Cj,
that is at time ¢j;, the event int_end; is generated and
the DES reads its inputs, storing in ¢,; and g¢,; their
values. The maximum amount of torque achievable
during the next expansion phase, obtained by the

AL(t) + bu(t),

317

Powertrain System  wc(t) . u(t) ua(t)
C(8) = AC(t) + bu(t) D
i Tao
uz(t)
${t) =« \ dead.point g;

ui(
R dead.point [——
kel @ L—.Z oF

@(t):=0 uy (k)
u(t) o A | p(t) = app(t) +bpeft) | | M=)
G(t) = gaall) + bav(t) f"a = ::;’(‘) p&
Intake Manifold
Cylindec1 ..,
E¥H =0
wibanzo
gk +1) =90
u( (k) =0
""""""""""" int_end)
mar(try)
IS T TR S Pad D) = 0mai)l
: lI:I(k+ 1) = gui(k) :u.(k.) \intendy |y, ! Gualk+1) = mu(ts,) :——_.u](k)

Egm(k+ 1) = qar(h) |
¢ u(k) =0 :

P gat(k+1) = mai(tn)
L ur (k) =0 :

dead. point
\ezp.end)

mutlin)

E intend;

o(k+1) =0 '
gk + 1) = qugk) 141 ®)
Ay t gat(k +1) = gar(k) !
As P (k) =n(k} ;
A(k) -----------------------
——] Az
A exp_end; int.end; my1(t)
i =0 [4 =-1
4 =0 4 =0
iy (8} = my 8}/ 1 iy 1(t) = mp ()7
(1) = —mn (8)/7 malt) = —m (/7
i'l =0 t.’, =0
i =0 4 = -1
i (8) = mu )/ 1 (2) = (1 - x)P + mu(t)/T
"y (8) =~ (8)/7] (6} = xP - mn(t)/7

Fuel Injection System 1

Figure 1: Engine hybrid model £.

fuel-to-torque gain G, is stored in z;. The DES output
u;(k) is always zero except at the C; — E; transition
when it is set to the value stored in z;,. Input u;(t) to
the powertrain dynamics is obtained from u;(k) by a
zero order hold block latched on the event dead_point.

Injection Process. The i-th injection system is
abstractly represented by a hybrid system, whose
discrete state F; assumes values J;, B;, W;,D; as
follows:

e J;: the injector is open and delivers a constant flow
P of vaporized fuel. A fraction x of it condenses in a
fuel-puddle and increases the mass my; of liquid fuel,
fraction 1 — x increases the mass m,; of vaporized
fuel in the intake runner. The mass of liquid fuel
evaporates off with a time constant 7. The injector
remains open for A; seconds measured by timer ¢

e B;: the injector is closed and the evaporation process
continues. When the next dead_point event is emitted,



the intake valve opens, and the air-fuel mix begins

tn antar +thao Jindar A+ tha T

. + +3
0 enter une Cyinaer. At iae i; ransition

_f C1 hlmlDlhlUll,
intake valve closes and the int.end; event is generated.
The mass m,; of vapor is reset to zero since all the
vapor fuel has been loaded in the cylinder.

e Wi
e D;: the beginning of fuel injection is synchronized
with respect to the the beginning of the exhaust phase
with a time delay of ¢; seconds measured by timer ¢!.
Fuel dynamics is as in state W,.

tha
LlIc

the injector ig closed and evaporation proceeds.

twiwi O v ]

Engine hybrid model. The overall model of the
engine £ is the combination of four hybrid systems
representing the behavior of each cylinder and related

iniection svstem

44T Sy Sutiil,

manifold models which are shared among all cylinders.
The pistons are connected to the crankshaft, so that
dead-points are synchronous and the cycle of each
one is delayed one step with respect to the cycle
of the previous one. Then, the dead point events
and the time counter k are shared among all the
cylinders and only one signal u;(t) may be different
from zero at any time. Input signals are: the input
voltage v(t) to the DC motor actuating the throttle
valve, a scalar continuous time signal in the class V
of functions Ry — [V, +V]; the injection intervals
A(k), a scalar discrete time signal in the class D
of functions Za" -+ [0, Amax], which is sequentially
distributed over the four injectors synchronously with
the corresponding exp_end; event,

intake

Quiia uRil Taimuva @il il ALLVGAT

and the power- -train and

The state of the overall hybrid systems is a triple
(q,Z,X) where: q [SI)FI:S?,F2JS37F3aS41F4]

is the state of the FSMs associated to each
cylinder and each injection system, z =
[21,Qv1:Gals - - - » %4, Qua, Qas] 15 the cylinder DES state

and x = [C’ ¢, a,p, tlhtllly My1, MLy -y t.{p t;” Myg, ml4]
is the continuous state associated to the powertrain
and air dynamics and to each injection system. The
output of the overall system is the generated torque u.

2.1 Problem formulation

At the initial time the engine hybrid model is supposed
to be at a steady state, where a fixed crankshaft veloc-
ity w? is maintained by a torque u°. The FMSs repeat a
same sequence of configuration, which can be obtained
from the initial state [Cl,Wl,EQ,WQ,Hs,D3,I4,B4]
The powertrain equilibrium state is (° = [@d,w?,wl] =
—A~15u® and the crank angle ¢ evolves between 0
and 7 describing a triangular wave of frequency 2uw(.
The injection DESs steady state is given by 22 = w0,
g% = u0/G, ¢°, = 14.64¢%;, when not 0. The mani-
fold dynamics is at the equilibrium with p° = ¢%,/c,,
a® = —a, p°/b,. Finally, the fuel injection hybrid
model exhibits a periodic steady state at frequency w?,
and the evolution of state variables t}, t/, my; and m,;
can be readily obtained by integration of fuel dynam-
ics.

Given a value u® of torque produced by the engine, de-
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fine in the hybrid state space the invariant set 7(u%) C
@ x Z x X given by the trajectories described by
the hybrid model £ during its evolution in the steady
state corresponding to the torque u®, under inputs

v = (aaGp/baby)(14.64/c,G)u’ and A; = u®/(GP).

Problem 1 Consider the engine hybrid model £, de-
picted in Figure 1. Let u® and u' be the initial value
and the desired value of the torque. Assume that, at the
initial time t = 0, the hybrid state (q°,z°,x°) belongs
to T (u®), namely the steady state trajectory with torque
u®. Consider in the hybrid state space Q x Z x X, the
target set T(u'). Pind A(t) € D and 4(t) € V such
that

o the initial state (q°, 2% x°) is steered to T(u');

e for allt >0 and for all k >0

0<  «aft)

T . I8 ANl FE AN
Limin Quic \K) S Gaic lK)

<n/2 (5)
S Lmax Quic (k) (6)
where ic denote the cylinder which enters the C
state and Lyin < 14.64 < Liax;

o the time { such that u(t) = u! for all t >t is
minimized.

3 Auxiliary optimal control problem

In this section a continuous time model o7, which ap-
proximates the behavior of the hybrid model £ is intro-
duced and Problem 1 is reformulated for such model.

In model £cr the intake manifold dynamics, given
by (1-2), has as output the flow of air that, in aver-
age, enters the cylinders: fo(t) = e,p(t) with ¢,
Z5¢p. Fuel dynamics is expressed by the average model
mﬂ(t) = aymy(t) + biA(t), with fuel flow given by
fi(8) = cmu(t) + diA(t) where a) = —771, b = X P2,

=711t d = (l—X)Pﬁng. Since in Eor the crankshaft
coupling is abstracted away, these two dynamics are de-
coupled. As standard in constrained optimal control,
rewrite constraints in Problem 1 as g;(-) < 0. By (5),

(7)

Minimum time solutions for model £ are obtained
by the Maximum Principle. The Hamiltonian function
should contain all the given constraints, in a formu-
lation that explicitly shows the contribution of each
control which affects the state components that appear
in the constraint itself. This is achieved differentiating
with respect to time the constraints, until the interest-
ing controls appear (see [3]). Differentiating (7),

g=—a<0, gg=a-7/2<0.

_ dgo
ha =

where v, which controls «, appears. In model £c7 con-
straints (6) are imposed on f, and f;, that is

= —aq0—buv, = a0 +bov, (8)

Lyp+ Lnmy < A(t) < Inp + Lny (9)



with Ly = g%, Ly = %5, Lm = —¢. Con-
straints (9) introduce a coupling between the manifold
dynamics and the fuel dynamics. To have both control
variables v and A appearing in the Hamiltonian, fuel

dynamics is expanded as follows

#1(2)
my(t)

w(t), x2(t) = 71(t)
aymy(t) + biza(t)

(10)
(11)

where z; stands for A and w is the new input. By (9),

g3 = —z2+Lop+Lymy < 0,94 = +22—L1p—Lnmy <0.

(12)

Further, since A is bounded to belong to [0, Apax], then

95 =—23 X0, gs =423 — Amax < 0. (13)
Differentiating twice (12) and (13), one gets?

hy = +Cov —w+ Doa + Esp + Fix1 + Fhxg + Fgmy
h4 = ‘-Cl’U +w — Dla - Elp - F1£L‘1 - FQ.’L‘Z - F()m[

hs = ~w  hg = +w.
Let p! = t,ic?“l and consider the new target set

ba
M= {(P,a’ml,xz,ml)‘pzplaal' _Z_pl} . (14)

Let O denote the class of functions Ry — [-Q, +] for
some §2 > 0. Solutions to Problem 1 are derived from
the solutions of the following problem for £ — oo.

Problem 2 Consider the dynamics (1-2), (10-11).
Find 0(t) € V and &(t) € O which steer in mini-
mum time an initial state p° = 14.64/(c,G)u’,a® =
—(ap/bp)p°® to the manifold M as in (14), satisfying
the constraints (7), (12) and (13) for allt > 0.

Necessary conditions on optimal solutions to Problem 2
are obtained from Pontryagin Maximum Principle. In-
troducing the adjoint variables ¥, ¥p, ¥1, Y2, ¥m and
the Lagrange multipliers v;, the Hamiltonian is

H

1+ Yot + ¥pp + Y181 + otz + Yoy (15)
+vy1h1 + y2ha + vah3 + Yaha + v5hs + vshe

where h; are as above, if gi(t) < 0 then v(¢) = 0,
and if g;(t) = 0 then ;(t) > 0. The adjoint variables
dynamics (¢ = —%1;—1), are

1/_)0, = —aaYa — bp¥p + aa(m - 72) — D273 + D1,

Yp = —ap¥p — Eays + Erya, ¥ = 2 — Fi(vs — ma),

Y2 =—bithm — F2(713 — Y1), ¥m = —arhm — Fo(ys — 7a)-
(16)

Along a trajectory é = (&, p, £1,%q,7u) solution to

Problem 2 corresponding to the optimal controls 9, &,

Zwhere h; = i, for i = 3,...,6, and C1 = Libpba,Ca =
Labpba, D1 Li{aa + ap)bp, Dy = La(aa + a,,)bp,El =

Llalz,,Ez = Lza?,,Fl = Lmbl, F2 = Lmalb[,F() = Lmalz.
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there exist adjoint evolutions ¥ = (Yo, ¥p, Y1, ¥2, ¥m),
which satisfy (16), and Lagrange multipliers ; s.t.

minv Hv,w,&,9) = H®,0,&,9)=0  (17)
(I —
w=0

is verified on (15) for almost any ¢ > 0. Hence, optimal
controls has to satisfy

-V if 84 >0 -0 if 8% >0
d=([-V,V] if8 =0 ,0={[-9,0] fZ =0
1% if 82 <0 Q if 3 <0
(18)
where

OH[Bv = batha + baly2 — 1) + Cays — C1va (19)
OH[Ow =11 =3 +71~75+% (20)

are required to meet the additional conditions
ifg1=0V go=0, 0H/Ov =0, (21)

ifgg=0V g4o=0, 8H/Ov=0V 8H/Ow =10, (22)
ifgs =0V gs =0, OH/dw = 0. (23)

The target set M given in (14) is a 3-dimensional sub-
space parallel to the my, £; and z, axes. Hence, at the
final time T, the transversality condition gives

Ym(T) = 1(T) = 2(T) =0 .

Assuming that u! is not on the boundary of feasible
torques, (7) are not tight at the final time: g;(T) < 0A
g2(T) < 0. Since, by (14), a(T) is such that p(T) = p!
is an equilibrium point for (2), then p(T) = 0 and,
by (15), H(T) = 1 + 1ha(T)(aga! + bav(T)) = 0, i.e.

Yo(T) = —(ana! + bov(T))! .

(24)

(25)

3.1 Minimum time trajectories.

Due to space limitation, only the case u! < u? is here
illustrated and some proofs are not reported. We have
already noticed that ¢ (T") < 0A g2(T') < 0. It can be
verified

Proposition 1 Solutions to Problem 2, with u' < u°,
can be found in the sufficient family given by trajecto-
ries that

e reach the target set by a constrainted arc satisfying

g1<0/\gg<0/\gg=0/\g4<0/\gs<0/\gﬁ<0(26)

o fulfill g3 = 0 along all the trajectory.

Hence, fuel injection is regulated in such a way that
the evolution of m; follows the evolution of the man-
ifold pressure so to maintain §‘,‘— = Lmax (see (12)).
The time to the target set depends only on manifold
pressure evolution. Solutions obtained with g4 = 0 are



equivalent to (26), but the latter have been chosen since
11e] consuumntion
........... el consumption.
Optimal solutions to Problem 2 are obtained by back-
ward integration of the extended dynamics given by (1-
2), (10-11) and (16), from final conditions (24),(25),

! by P L
_.1_% _ _bp _ b2 1
=p' =2 a0) =2 m@)efo, -2

(27)
on the target set (14), choosing v,(T") such that
p(t), a(t), mi(t) span the region in the space of interest.

p(T)

Being g3 = 0 along all the optimal trajectory, by (12),
the optimal injection control is A = Lop + Lymy.

The optimal 9 at t = T is obtained for 9,(T) <
0. By (19), we have 4 (T) = batpa(T) < 0, and,
by (18), #(T) = V. Further, in a left neighborhood
oft =T, v3(t) = ¥u(t) > 0, vi(t) = 0 for ¢ # 3.
From the backwards integration of (16), we verify that
%’(t) = batha(t) + Cay1(2), increases, while a(t) de-
creases. Hence, at some time t = t; < T either
%—I:(tl) =0or a(t;) =0, i.e. gi1(t;) =0. In the former
case, by (18), the control v has to switch to 0 = =V.
Points (a(t1),p(t1)), define the switching surface

T={(alt),p(t))] batba(t1) + Cath1(t1) = O}.

for 9. For t < t1, a(t) increases in the backward inte-
gration and g; never reaches 0. Otherwise, if a(t;) = 0,
the singular control 4(¢) = 0 is applied until, at some
time t; < t;, v switches to the nonsingular control
—V and a(t) starts to increase. Introduce the function
o(a,p) such that

(28)

o(o,p) =0 if(a,p) €X
ola,p) >0 (a,p)¢Xandv=V (29)
ola,p) <0 if(a,p)¢Xandv=-V

see Figure 3. According to the construction above,

Proposition 2 The feedback laws

Alp,mu) = Lap + Ly (30)
-V ifo(a,p) <OAa>0

(a,p) = ¢ 0 ifa=0 (31)
V  dfola,p)>0Aa>0

are optimal controls for Problem 2.

4 Hybrid control and simulation results

The continuous control law described in Section 3, must
be approximated to yield a feasible control law for the
hybrid model introduced in Section 2. The main issues
to address when we move from the continuous case to
the hybrid case are the following ones.

In model € there is a delay between the time at which
the injection control A, is set (at the end of the expan-
sion phase) and the time at which the vaporized fuel

320

qv is loaded (at the end of the intake phase).

Further, feasible control actions on A; are discrete time
signals synchronized with the crank angle. This issue
is the main cause of difficulty for devising a hybrid con-
trol strategy.

Finally, in model &, there exist four independent fuel
dynamics whose evolutions are constrained with re-
spect to the same air flow evolution by A/F bounds.

The measures available for closing the control loop are:
the pressure p, the angle a and the crankshaft speed
we. According to (30), fuel injection is regulated so
to maintain in (6) ¢ = Lmazqy, when the cylinder is
in the compression stroke. The injection control A;
for the i-th cylinder is set at the end of the expansion
stroke (i.e., when the ezp_end; event is generated). The
fuel mass g, in the next compression phase can be ex-
pressed as a linear function of the mass of liquid fuel
my;(tx) and the injection duration A;(ix) at the end of
the expansion stroke. This is achieved by integration of
the fuel dynamics described in Figure 1, approximat-
ing tg4a — tr = 27 /w.(¢;) and linearizing exponentials.
Hence, since by (3) ¢o = c,p(te+2), the feedback is set
as follows

A = max(0, K,p(k) + Kyin(k)) (32)
where: f(k) is an estimate of the pressure p at the end
of the intake phase, i.e. p(tk+2), and 7y (k), is an es-
timate of the current mass of liquid fuel my;(#x). Since
my; is not measurable, 77y;(k) is obtained by integra-
tion of the fuel dynamics from the value my;(0), known
for the initial steady state. Control A = 0 is applied
only in the case where the initial condition cannot be
controlled to the target set satisfying constraint (6).
Due to the independent fuel mass evolutions a small
chattering around the constraint ¢, = L., appears
in the hybrid model.

The DC motor voltage control v is obtained from (31).
The proposed injection control (32) needs the estimate
p(k) of the manifold pressure p(ti+2). To simplify this
computation in the engine control unit, control v is
also applied on a discretized time axis t, = AT, with
T = 1.5 ms. By this choice, samples &(h) and g(h) can
be obtained from the discretized version of (1-2), i.e.

[a(h+1),p(h+1)]T = A7 [a(h), ()T +bav(h) (33)

(with sample period T), with initial conditions
(6(0),5(0)) = (al(ty),p(tr)), and feedback v given
by (31). Manifold pressure estimate is set to

B(k) = (app(R) + bpa(h))[(2m)/w(ti) — RT]

where h = argming[|(27)/w(tx) — RT|]. Due to time
discretization switching points cannot be precisely lo-
cated in the state space on the switching lines a = 0
and o(a,p) = 0. A study based on modal analysis
of dynamics (1-2) reveals that satisfaction of problem

(34)
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Figure 2: Simulation results: DC motor voltage v and
injection times A (on the left); air—fuel ratio
A/F and generated torque u (on the right).

constraints and convergence to (a!,p') is guaranteed
when switchings are always anticipated with respect to
ideal switching point. It can be shown that

Proposition 3 Applying feedback (32) and (31), with
estimates (33-34), to the engine hybrid model &, the
evolution of (a,p) convergences to the rectangular set
R = [a',a?] x [p', p?)], with [@?,p?] = A7'([a!,p"]T -
baV'). Once in R, control v = —(aq/ba)a’ produces
asymptotic convergence to (a',p'). The torque error
|u—u'|, when (a,p) € R, can be made arbitrarily small
by a proper choice of the sampling time T'.

The proposed hybrid control law has been evaluated in
a number of simulations. Figures 2 show the results
of the proposed approach when the engine is requested
to change the produced torque from the initial con-
stant value «® = 35 Nm to the final constant value
u! = 10 Nm, with initial crankshaft velocity 4000 rpm.
The air-to—fuel ratio is requested to remain within a
1% band centered around the stoichiometric value. The
control starts at to = 0.45 s from the steady state cor-
responding to u®. The throttle valve is forced to close
as fast as possible under the initial control v(t) = -V
(see Figures 3), while, according to (32), fuel injection
is controlled so that A/F is maintained on the maxi-
mum feasible value. When the valve is about to close,
at time ¢t = 0.064 s, the control v(t) is set to 0. At
time ¢ = 0.107 s the switching surface ¥ is approached
and the control v(¢) is set to V. Then, starting from
time t = 0.11 s, the valve is controlled so that the air
trapped in the cylinders is regulated in proportion to
the evaporated fuel trapped in the cylinders. At time
t = 0.126 s the requested torque u! is generated. From
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Figure 3: Switching surfaces for DC motor voltage v and
a trajectory of the hybrid closed-loop system.

this time, the throttle valve position is constant and
the fuel system is controlled so that the fuel puddle
dynamics is compensated.

5 Conclusions

The problem of delivering as quickly as possible a re-
quested torque produced by a spark ignition engine
equipped with a multi-point port injection manifold
and with drive-by-wire electronics to control the throt-
tle valve position has been addressed. The optimiza-
tion problem subject to the constraint that the air/fuel
(A/F) ratio stays as close as possible to stoichiometric
ratio has been solved using hybrid system modeling and
control approaches.
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