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Abstract

A nonlinear compensator for the fuel film
dynamics and a second order nonlinear ob-
server for a spark ignition engine are
presented in this paper. The compensator
and observer are realized as continuous
differential equations and an especially
designed integration algorithm is used to
integrate them in real time. Using these
means, accurate steady state and transient
air/fuel control can be obtained with ex-
cellent robustness properties. Some useful
condition monitoring facilities are also
available in the observer. The compensator
and observer are based on a Mean Value
Engine Model (MVDM) presented earlier. A
MVEM is one which predicts the mean value
of the engine states and internal vari-
ables over time scales which are large
compared to the cyclic engine process.

1. Introduction

Two of the main problems involved in ob-
taining accurate air/fuel ratio control in
a spark ignition engine are (1]

1. compensating for the fuel wetting
dynamics in the intake manifold (CFI
engine) or in the region of the intake
valve (ESF engine) and
2. correctly estimating the air mass flow
at the fuel injection location.

It has been shown in previous publications
that a linear fuel film dynamics
compensator and a single state nonlinear
observer can be useful for accurate
air/fuel ratio control of a Central Fuel
Injection (CFI) engine. The fuel film
compensator approximately cancels the
dynamics of the fuel film and reduces the
order of the estimation problem with one
state. In order to estimate the air mass
flow at the injection location, the
observer is necessary. In this way one can
avoid the effects of sensor response time,
sensor noise and engine modelling errors
[2, 3]. This paper extends the earlier
work in two important ways:

1. a nonlinear compensator for the fuel
film dynamics is introduced which improves
compensation accuracy and
2. a two state observer is used which has
improved robustness properties and greater
noise insensitivity.

Both the compensator and the observer are
based on earlier work on mean value engine
models (MVSM) of SI engines [4, 53.

2. The Mean Value Engine Model

The MVEM for a CFI engine can be written
as the following coupled set of nonlinear
differential and algebraic equations. For
the sake of brevity the equations will
only be considered at constant (room)
temperature. For the fueling dynamics:

a- L(-ff .Xrd - f1(a, n) (la)
ITf

(lb)

(lc)k - kV+ if

Here it should be noted that all of the
variables in the equations are written in
terms of fuel mass flow. This formulation
corresponds to keeping track of the fuel
mass flow currents in the intake manifold.
For the crank shaft dynamics:

nmso-P f+P +lb + T f( ldI n -In±mfttd)
- f2(if, n, p5)

Ad- 6X1(1 + .21
n ny

(2a)

(2b)

where the variable A¶d has been intro-
duced. It is the injection/torque build-up
time delay. For the manifold pressure:

120 V Pm T'aV , p)

(3a)
or

Pm- - _, Pun + v "at P|)

- f3(a, n, p.2)

where
- 120 VVd n ilvol

(3b)

(3c)

is the large signal manifold pressure time
constant.

Equations (Ia) - (1 c) are very nonlinear
for a CFI engine since X(a) = 1 - cos (a) -
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bo, where b0 is a constant. Equations (2a)
and (2b) are nonlinear because the depen-
dence of P., PP and Pb on n and p. (4, 5).
The last state equation (3) is extremely
nonlinear. This is because of the very

complicated form of q,01(n, p.) and

Another very popular simple model for the
fueling dynamics is due to Aquino [8].
Using the same notation as above this
model can be expressed as

(5a)d t
+ X mi

pm.) (4, 5, 6]. In spite of the

nonlinearities, the global accuracy of the
MVEM is quite good: the relative error in
the prediction of the important engine
states and internal variables has a
standard deviation of less than 2% over
the entire operating range of the engine.

3. Nonlinear Fuel Film Compensator

In a practical application, a fuel film
compensator (or inversion filter) is
placed between the fuel flow command and
the injector pulse width driver algorithm.
Its function is to approximately cancel
out the dynamics of the fuel film.

The ideal nonlinear compensator can be
derived mathematically by inverting the
nonlinear equations of the MVEM fuel film
model [6]. Inversion is accomplished using
a method similar to that used by Balchen,
et. alJ, (7] to design a nonlinear series
decoupler (or compensator). This gives a
linearization by transformation of the
fuel film dynamics. In the limit of high
closed loop gain, the ideal compensator is
obtained.

The nonlinear compensator which corre-
sponds to model in equations (la) - (1c)
above can be written:

(4a)
i

in' -x

where the dummy variable r is determined
by solving the differential equation

Z _ s1 Xz (-r + xrh").VTf
(4b)

If 1 - X is not zero then equations (4a)
and (4b) are the exact inverse of the
model equations. In fact 1 - X does not
approach zero for any of the engines which
have been identified (including a port
injection engine). The compensator is a
simple feedback structure and equation
(4a) gives the summing point equation
times the variable 1/ (1 - X) . Equation
(4b) has the same form as a first order
low pass filter and is in the feedback
loop. Like the fueling dynamics model
equations, these equations have a linear
form but are nonlinear because of X and
Vf. The nonlinear compensator is not
dependent on the form or functional
dependence of either X or -cf. They may be
functions of the engine states or inputs
and or be otherwise time dependent.

mV - (I - X) i1 (5b)

(5c)rnf - , + - f
tI

In contrast to the pure fuel flow model
above, Aquino's model is formulated in
such a way that it keeps track of the fuel
mass which is stored in the manifold (or
in the region of the intake valve). It is
based on the assumption that the fuel mass
flow from the fuel film due to evaporation
is proportional to the mass of the fuel
film. The proportionality factor is the
reciprocal "time constant". Using the same
technique as was applied above, it is pos-
sible to derive the exact inverse of the
Aquino model. It is

(6a)

where the new dummy variable s is deter-
mined by solving the differential equation

1
S_ -- S X ' (6b)

This "Aquino" nonlinear compensator has
the same structure as does the flow model
compensator above, including its linear
feedback form.

The two compensators above have a number
of common characteri-stics:
1. they are both mathematically ideal and
unique for the given model.
2. because they are based on different
physical pictures of the dynamics, they
are physically distinct.
3. they have identical responses if X and
Vf are constant.
4. they have identical responses to a
linear compensator if X and V, are
constant. The linear compensator is
obtained by using the reciprocal transfer
function of equations (4a) - (4c) or (5a)
- (5c), assuming that the model parameters
are constant [6].
5. they have different responses if X and
s are not constant.
The "Aquino" nonlinear compensator is the
subject of a Hitachi patent (9).

Either of the two nonlinear compensators
above or the linear compensator can be
used to identify the X and T. functions of
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any given engine at any given temperature.
This makes it possible to "tune" the fil-
ter to the manifold/engine system in ques-
tion. The method with which this can be
accomplished has been reported in several
earlier publications [1, 2, 3, 6). Once a
compensator has been properly tuned, it
should allow the passage of square waves
from the injector fuel flow to the engine
exhaust. This means that the fuel film
dynamics are being canceled over a broad
frequency range. Figure 1 shows the res-
ponse of a small CFI engine with a proper-
ly tuned compensator (equations (4a) -
(4b)) to a square wave perturbation in the
injector fuel mass flow (not shown). The
compensated, injected fuel mass flow is
shown at the top of the figure (arbitrary
units) while the X response is below. The
compensator works quite accurately at the
given operating point and in fact also
works well globally (6].

4. Continuous Nonlinear Observer

An observer is an obvious solution to the
problem of accurate air mass flow estima-
tion in the presence of sensor delays and
noise. The reason why observers have not
been exploited earlier in engine control
applications is the lack of a simple com-
pact dynamic engine model which can be
inmbedded in a microprocessor. The mean
value engine model is an obvious candidate
for the basis of a nonlinear engine obser-
ver. This is especially true given the
system order reduction made possible by
the nonlinear compensator.

A nonlinear observer which has good guar-
anteed robustness properties and is simple
enough to realize in a practical system is
the constant gain extended Kalman filter
(CGEK). An extended Kalman filter for the
two state MVEM can be written

A - f2 (hf, fl P.mn)
+ k.2 (n -f) + k23 (Pn= - Doan)

- f,(a, p,t0.)

volts:

7.8,99t ...'.A...........A........ i ..

mf~~~~~~~~ ie-*' ?i-i44 '-'

_......... .... . .... ........@-@

299 ...69 1202. 149 .822299I. 2.99IT

a: 480
a: 4000 rpm Ob: 53.1 ft

Figure 1. Results of a validation experi-
ment of the nonlinear fuel film compensa-
tor (based on flow model) on a 1.1 L CFI
engine. The pre-compensator fuel flow
signal was a square wave (not shown).
After tuning X and 'rf£ at five arbitrary
power levels, the compensator was tested
for proper performance over the engine's
entire power range. X was a function of a
and 'c~ was a constant. The post-compensa-
tor fuel mass flow is at the top of the
figure in arbitrary units: note the char-
acteristic peaked response. At the engine
exhaust a square wave was measured in the
lambda signal: it was a square wave as was
the input. The results shown were the
poorest observed over the entire operating
range of the engine.

observation matrix and P (t-) is the
constant, positive definite solution to
the time independent Riccati equation

O - A(t)P(t) + P(t)AT(t)

- P(t)CT(t)R-lC (t) P (t) + RI
(7a)

(7b)
* k32 (n. - ft) + k33 (P t- M)

where the hats denote state estimates and
the "m" subscripts denote measurements,
the fis, i = 2,3, are the functions on
the right in equations (2a) and (3a) or
(3b), and the k..,s, i, j = 2, 3, are
elements of the Kalman gain matrix, K.

The Kalman gain matrix can be determined
from the expression

K - P(t)C(t)R1 (8)

where R2 is the measurement noise
covariance matrix, C is the linearized

(9)

where A(t) and C(t) are the linearized
system and output matrices respectively
(at a selected operating point) and R is
the state noise covariance matrix. Note
that here C = I2. Now if the constant
matrices K and P satisfy the inequality

(A - V1f (x, u) - K(C - Vh (x,u) I )
O 0)

+ 2 (R1+ PC TR1CP) > 0

then the CGEKF will be nondivergent. Here

x - [n, p=,] T , u _ fif1, a] T, V1f and

Vxh are the Jacobians of the system and

output functions respectively over the
relevant operating range. For a formal
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proof of the statements above see (10).

For a typical SI engine, the state noise
sources are basically deterministic, being
a close approximations to sine waves.
Moreover the measurement noise is
relatively small for both the crank shaft
speed and the manifold pressure. Thus it
is simple to insure that equations (9) and
(1 0) are satisfied over the entire
operating range of an engine. This
procedure yields an extremely robust
observer, especially since the underlying
model is so accurate in itself. For
practical use, when following fast
throttle angle transients, it may be
necessary to introduce a switch to reduce
the Kalman gain in the observer ([11).

4.1 Observer Realization

Because of the strong nonlinearities
inherent in the MVEM, it is necessary to
give careful attention to how it is to be
descretized for microprocessor implementa-
tion. Because it is desirable to maintain
the physical nature and form of the MVEM
equations, the most attractive descreti-
zation technique is via numerical integra-
tion methods (NIMs). A complication which
immediately arises in this connection is
that an engine has eigenfrequencies which
are highly operating point dependent and
which are widely separated in frequency.
In other words an engine is a stiff
system, the eigenfrequency ratio being on
the order of 3 - 1000. The lower ratios
occur at the low power operating points.

It can be shown that in order that the
descretized observer will have the same
properties as the continuous observer,
three requirements must be met: 1. the
Lipschitz condition must hold for the ob-
server equations over the entire operating
range, 2. the theoretical solution to the
observer differential equations must be
stable and 3. the step length, h, must be
selected is such a way that the solutions
to the observer equations remains inside
the region of absolute stability of the
NIM throughout the integration interval.
It can also be shown that the Lipshitz
condition does hold for all physically
realizable solutions to the observer equa-
tions. Further it can be shown that the
CGEKF is nondivergent and thus stable over
the entire operating range of the engine
(see above). As for the last requirement,
3., it can be satisfied simply by choosing
an appropriate step length.

In order to determine the absolute
stability region of a NIM one usually
considers the test problem

x - A'x (1 1 )

where Al is the eigenfrequency. The theo-
retical solution is stable when Re|AtI <

0.Using for example the explicit Euler NIM
one obtains

x(t+h) - x(t) - hA x(t)

x(t+h) _ (I + hA')
x (t)

(12a)

(1 2b)

where h is the sampling time interval.
Clearly the numerical solution will be
stable when |1 + hX'j < 1. The region for
absolute stability of the explicit Euler
NIM is shown as the heavily shaded region
in figure 2. The intuitively obvious first
choice of the Euler method is an unfortun-
ate one because the minimum effective time
constant of the manifold pressure is 0.4
msec. From the analysis above, the max-
imum allowed sampling period is 0.8 msec.
This will impose a very heavy computa-
tional burden on the engine control micro-
processor.

To increase the step length, one can re-
sort to a more complex one step method.
One can for example consider two or three
stage, one step, Runge-Kutta NIM. Such al-
gorithms are attractive because they are
relatively simple but can be optimized to
increase their absolute stability regions
along the negative real hi,' axis. In pre-
vious work a two stage R-K algorithm was
used [3]. Better perfomance can be obtain-
ed with a three -stage, one step, R-K NIM:

x(t+h) - x(t) + clh K + c2 h K2 + C3 h K3
K1- f(x(t), u(t) )

K2 -f(x(t) + a21hKr, u(t))

K, - f(x(t) + a31 h K1 + a32 h 4C2, u(t))

(13)
where the subscripted variables are
constants and the other variables are
given below the difference equation. If
one defines

a - a2c2 a,1c, c

b - a2,a32c (14)

I - cl + C2 + C3

and one again considers the test problem
in equation (11), one obtains the
condition

1i + hA' + a(hA')2 + b(hX')31 < 1 (15)

which defines the region of absolute
stability for the three stage, one step,
R-K NIM. By selecting the correct values
of the variables a and b in equation (15),
it is possible to obtain a eight-fold
increase in the region of absolute stabi-
lity with respect to the explicit Euler
algorithm. This is shown in figure 2 as
the lightly shaded region. In this way it
was possible to obtain a sampling period
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for stable integration of the two state,
CGEKF of 10 msec. Such a sampling period
is compatible with a PC-AT (286) multi-
tasking system which was evolved at the
Danish Technical University as an engine
control development system (ECDS) [12].

5. Experimental Results

A 1.3 L CFI engine was mounted on a dyna-
mometer. An engine control system contain-
ing the nonlinear compensator (equations
(4a) - (4b)) and the nonlinear observer of
section 4 was realized in the PC ECDS for
the engine. The sampling period was 10
msec and the controller software was
written in Pascal. Tables in the observer
were calculated directly from the MVEM
without trimming.

The result of a fast throttle angle
transient applied to the controller and
engine is shown on figure 3. The rise time
of the throttle angle is about 100 msec
and the fall time is about 300 msec.
Manifold pressure changes are on the same
order because of the very fast effective
time constant of equation (3a) [6]. This
of course results in a very nonlinear
response, both in the air mass flow (not
shown) and the crank shaft speed. The
dynamometer is set here to keep the crank
shaft speed approximately constant but it
is poorly damped. It is clear that in
spite of the size and speed of the
transients applied, there are no large
lambda spikes apparent at the engine
exhaust. There is also no tendency for the
lambda signal to over or undershoot the
desired steady state lambda value of one.
This experiment and a number of others
like it (at different operating points)
confirm that accurate global air/fuel
ratio control is possible using the
nonlinear compensator and observer.

In additional real and simulation experi-
ments revealed that the observer was
extremely robust with respect to engine
parameter variations and initial condi-
tions. The robustness levels found corre-
sponded to those guaranteed in [10]. No
experimental evidence of divergence of the
CGEKF has ever been observed.

5.1 Engine Condition Monitoring

In a block diagram of the CGEXF it can be
seen that the large signal time constants
1 /r3 and i/t., are in parallel with the
crank shaft speed and manifold pressure
state integrators. Moreover

1 b 1 Vd r,1 n
QCsQb anid -- vo

- -I-n Q 120 Va am

The observer feedback is effectively in
parallel with these large signal time
constants. This makes it possible to
obtain estimates of the engine load torque
(or the engine load power) and the

Explicit Euler
Im(hX)

Is

Re (hA )

Runge-Kutta 3-1
(optimized)

Figure 2. The region of absolute stability
of the explicit Euler and optimized three
stage, one step Runge-Kutta integration
algorithms.

volumetric efficiency online.

The innovations are introduced into the
sumrriing points in front of the state
integrators (see equations (2a) and (3a)) .
If the diagonal Kalman gain matrix
elements are relatively large compared to
the non-diagonal matrix elements, the
diagonal innovation terms of the two state
observers contain estimates of the engine
load torque and the quantity (i, n p).

It was found that it was possible to
estimate the load torque to an accuracy of
±2% over the operating range of the
engine. The estimation accuracy of
the volumetric efficiency was poorer: on
the order of ±5 - 10%.

6. Conclusions

The results which have been presented make
it clear that in order to maintain a pre-
determined air/fuel ratio during fast
transients, there must be accurate compen-
sation for the fuel film and manifold
filling dynamics. The first problem can be
solved using a nonlinear compensator while
the second can be solved with a nonlinear
observer. These conclusions are fully
supported globally on a small CFI SI
engine by dynamometer experiments during
fast (100 - 200 msec), large (10 - 350)
throttle angle transients at many initial
and final operating points. Some useful
condition monitoring facilities are also
available in the observer.

7. Nouenclature

The following symbols are used in this
paper:

t time (sec)
tafu fuel flow command signal

(kg/sec) (fuel film compensator
input)
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Pam

Tm

at

io t (Sc) IS

manifold air pressure (bar)
(n, pm) volumetric efficiency
(based on manifold conditions)
manifold air temperature
(degrees Kelvin)

(i, p,) air mass flow rate past
throttle plate (kg/sec)

I

(n, p) air mass flow rate into

port or intake valve (kg/sec)
engine displacement (mi3 or
liters)
manifold + port passage volume
Wm)
air/fuel equivalence ratio

- 'Vi (iii2Lth)
Lt,, stoichiometric air/fuel mass

ratio for gasoline (14.67)

n (rf/lOOO)

5 10 t (sec) 15

A

U.S4
5 0 t (sec) 15

Figure 3. Time responses observed for an
engine under control of the nonlinear fuel
film compensator and the nonlinear obser-
ver (CGEKF) described in the text. Note
that even with the very fast tip-in/out
transients applied, the measured exhaust
air/fuel ratio remains close to 1 as
desired.

injected fuel mass flow (kg/sec)
fuel film mass flow (kg/sec)
fuel vapor mass flow (kg/sec)

mi intake valve or port fuel mass

flow (kg/sec)
X fraction of the injected fuel

which is deposited on the
manifold as fuel film

n crank shaft speed (rpm)
(n, p.) indicated efficiency

I total moment of inertia loading
engine (kg min)

Pf (n) frictional power (kW)
Pp (n, p,) pumping power (kW)
Pb (n) load power (kW)
Hu ffuel lower heating value (kJ/kg)
a throttle plate angle (degrees)
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