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Model-based analysis of sensor faults in SI engine

The article focuses on the fault not diagnosed by the OBD system. Apart from mechanical damages sensor faults are a serious group.
Although the sensor values are constantly monitored, some errors are not detected. The article presents a diagnostic model of the air
intake system of SI engine, which generates the control and work parameters of the engine for fault-free state. The parameters obtained
[from the reference model can be compared with the parameters measured for the engine in any operating condition. Based on the model
the impact of sensor faults for other parameters was analyzed. Some errors can be masked by the adaptive control system of the engine,

which changes the parameters of the engine control. Simulation tests were verified on the test bench.
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1. Introduction

Traditional diagnostic systems compare the measure-
ment results with fixed limits. If the sensor signal voltage
does not exceed the limit values, then the measurement is
acceptable. Meanwhile, with the time the characteristics of
the sensors are changed, leaks appear in the intake mani-
fold, contacts become dirty and wet. It can change the indi-
cations of sensors, but signal voltage still does not reach the
limits [8]. Adaptive control system of the engine will adjust
the fuel dose - based on the lambda sensor indications — to
new conditions. That is good, because the driver with any
malfunction does not have to follow the service. Some-
times, however, the driver feels something is wrong with
the engine, but the error is not detected [2, 3, 5, 13].

Another, also traditional approach to diagnosing, is
hardware redundancy or multiplication of sensors. Howev-
er, this is a costly solution, takes place and additionally
weighs. Double potentiometric sensors are used for exam-
ple in the gas pedal and throttle of engine.

Modern diagnostic systems [14, 15] use mathematical
models to estimate measured physical quantities. These
models act as virtual sensors. Based on the indications of
other sensors recognised as efficient and relations of math-
ematical or statistical models, the rational indications inves-
tigated sensors are estimated and compared with an indica-
tion of the physical sensors [4, 10, 16, 17]. Virtual sensors
can be divided into static — model-based, or dynamic —
using observers [1, 18, 19]. This article defines virtual sen-
sors in the air intake system.

2. Mean-value model of the air intake system

The state of the cylinder is defined by the mass and the
internal energy of air contained in the cylinder. Fig. 1
shows a cross-section of the intake manifold. The throttle
angle o controls the flow of air mass into the manifold.

The adiabatic flow across the throttle body/butterfly
valve can be modeled as air flow from orifice. While mod-
eling it is assumed that one-dimensional compressible flow
has no friction and inertial effects in the flow and there is
no change in temperature and pressure (lumped parameter
approach) during the flow [6, 7, 9, 11].

MAF
Sensor

MAP
Sensor
n

) D Throttle U
M Pa Ta valve PrTm¥n

Moue

Piston

/]

i

Moreover, the fuel and temperature dynamics involved
in air intake system are assumed to be uniform. The mass
and energy of the air serves as inputs and outputs of the
receivers. It is also assumed that no substantial changes
occur in energy and no mass & heat transfers through the
manifold walls. The manifold pressure dynamics can be
modeled on the basis of filling and emptying of air behav-
ing as perfect gas as shown in (1)

P (D)= RVA (i, (0 =iy, (1) (1)

m

Fig. 1. Air intake system

where: p,, — change of manifold pressure, T,, — manifold

temperature, V,, — manifold volume, R — specific gas con-
stant, r1;, — air mass flow into the manifold, m,,, — air

mass flow out from the manifold.

The manifold absolute pressure sensor provides instan-
taneous manifold pressure information to the electronic
control unit of engine. A fuel-injected engine may alterna-
tively use a mass airflow sensor to find out the mass flow
rate of air entering a fuel-injected internal combustion en-
gine. The air mass information is necessary for the engine
control unit to balance and deliver the correct fuel mass to
the engine.

Air mass flow into the manifold is described as a func-
tion:

1, () = f(py,, &) 2
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where p,, — manifold pressure, O — throttle angle, and air
mass flow out from the manifold as a function:

1, () = f(py,.n) 3

where n — engine speed.
At stationary engine operation it can be assumed that

1y, () =10, (1) = 1y, (1) “)

where m, — air mass flow rate measured with air flowme-
ter.

At stationary engine operation one of the engine load
measure: throttle angle d, air flow m,, manifold pressure
Pm > can be estimated from the remaining measurements

and the rotational engine speed n [12].
The simple diagnostic model is presented in Fig. 2.
Model was implemented in Matlab Simulink.
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Fig. 2. Diagnostic model of air intake system

The inputs of the model are averaged values of signals:
throttle position 0O, engine rotational speed n, manifold
pressure p,, and air mass flow m,. In the model three

lookup tables, that were taken in empirical way, were used:

m, =f,(a,n) (5)
pm =f,(an) 6)
ma = f3(l‘l’pm) (7)

During simulations with the model for steady state, fol-
lowing residuals are generated:

r, =m, —f,(a,n) (8)
£, =pp ~f,(a.n) )
ty =1, ~f3(n.p,,) (10)
The i-th residual indicator R is established in the following

way:

1 if (1)

where u is the model uncertainty.

The components of the model uncertainty are: meas-
urement errors, uniqueness of working cycles of engine and
model interpolation errors.

Based on the defined functions, three sensor faults
(throttle angle sensor, air mass flowmeter, manifold pres-
sure sensor or manifold leakage) can be detected. The en-
gine speed sensor is not diagnosed, because it is monitored
in other systems e.g. in the ABS system.

3. Model identification

To find the functions described in (5-7), a steady state
experiment was performed. Investigations were conducted on
the passenger car Mitsubishi Carisma with four-cylinder
spark ignition engine of a gasoline direct injection (GDI)
[20]. The solutions applied in this vehicle such as a design
and engine equipment are commonly used in the automotive
market. This substantiates the assumption as to the universal-
ity of the conclusions and trends resulting from the investiga-
tions. The car was positioned on a chassis dynamometer. It is
possible to brake a vehicle with the given moment on wheels,
or accelerated to the given speed. In such way the vehicle
engine was loaded to the required and simultaneously con-
stant speed 7 at various throttle openings 0.

Tests were based on recording signals in 10-seconds
stretches from selected sensors of the engine at stationery
operation. Recording was performed by the computer sys-
tem of collecting data consisted of the computer with the
measuring equipment OCTOPUS CompuScope 8380 of the
GAGE Company. This device allows sampling of all sig-
nals with a frequency from 1kHz to 10MHz and the resolu-
tion of 14 bits. The following voltage signals were record-
ed:

— crankshaft position sensor
— camshaft position sensor

mass airflow (MAF) sensor
— throttle valve position (TPS) sensor
— manifold absolute pressure (MAP) sensor — an addition-

al sensor not used as a standard in this car
— output signal of the analyser of the composition of com-

busted mixture, MEXA700A of the HORIBA Company
In addition, temperatures of the liquid cooling the engine
and of the sucked-in air were recorded, for each stationary
engine operation point.

Tests were carried out for 9 equally spaced engine
speeds (1000 to 5000 rpm) and throttle positions: 6-26%
(without load), 34%, 53%, 70%, 83-87%, 90-100%. The
throttle angle was expressed in percentages, where 0 means
the total closing and 100% the total opening of the throttle.
Since signals were recorded in steady states the average
values of the above signals were determined for each sec-
ond of the recording, it means 10 values for the given point
(n, Q).

The surfaces described by equation (5-7) are presented
in Fig. 3, together with the marked measuring points.

To represent the functions fj, f, and f;, the interpolation
in the maps or polynomial equations can be used. The iden-
tification quality of models was characterised by root mean
squared errors.
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Fig. 3. Functions used in diagnostic model

4. Model validation
To validate the model, measurements and calculation

procedures were repeated for three simulated faults:

1. Air mass flowmeter fault caused by chocking the part of
the flow channel, from the air filter side.

2. Throttle angle sensor fault caused by characteristic
change that occurring e.g. in a situation of wetting the
electrical installation or sensor flooding.

3. Manifold air leakage.

In all these situations the on-board diagnostics (OBD)
system did not record an error, while the user could notice
the change in the engine operation in a form of roughness
or a power loss at higher rotational speeds of the engine.

The throttle position sensor, the mass air flow sensor
and the rotational speed sensor are installed as a standard in
the tested engine. Whereas the manifold absolute pressure

1000 1500 2000

sensor was installed additionally in the intake manifold for
diagnostics aims.

4.1. Fault of air mass flowmeter

Partial obscuration of the intake manifold has caused
flow disturbances and malfunction of the Karman vortex air
mass flowmeter. Large fluctuations in air mass index
caused a oscillations in fuel dose and consequently uneven
working of the engine. Consequently, this resulted in une-

ven rotational speed and variations in mixturecomposition
(Fig. 4).
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Fig. 4. Instantaneous values of a) engine speed and b) lambda coefficient,
for fault-free and MAF sensor fault states at 85% throttle opening and
4800 rpm

The indicated flow is so small that the engine changes
into supplying by a very lean mixture (recorded air-fuel
ratio A > 1). The adaptive control system will try to adjust
the fuel dose based on the lambda sensor indication. Aver-
age air mass flow rate values are lower than at fault-free
operation.

Fig. 5 shows the results of the measurements of intake
manifold pressure and the mass air flow for the described
failure at 85% of the throttle opening.
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Fig. 5. Comparison of sensors indications for two states: fault-free and
MATF sensor fault at throttle opening 85% a) MAF sensor, b) MAP sensor

Pressure in the intake manifold is within error limits of
the model, while the mass air flow is lower than it results
from the model for the whole range of engine loads.
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4.2. Fault of throttle position sensor

In the second case — characteristic changes of the throt-
tle angle sensor (Fig. 6) — the fault was simulated by by-
passing the output of the second throttle channel with the
resistor of 5.57 kQ. This can correspond to the situation
when the sensor is flooded or electrical installation wetted.
A careful car user feels it as a small power decrease of the
engine.
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Fig. 6. Change of TPS characteristics caused by fault

Fig. 7 shows the results of measurements of the intake
manifold pressure and the mass air flow for the described
failure at 50% of the throttle opening. In this case, in a
range of medium loads and high rotational speeds (n > 4000
rpm), a significant increase of signal indications from the
pressure sensor as compared with the model sensor is ob-
served, as well as a decrease of the mass air flow sensor
indications as compared with the model.
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Fig. 7. Comparison of sensors indications for two states: fault-free and
throttle position sensor fault at throttle opening 50% a) MAF sensor,
b) MAP sensor

4.3. Leakage of the intake manifold

The third case constitutes air leakage of the intake mani-
fold, which can cause such effects as: hissing noise, engine
stumbling, rough or fast idling or stalling, poor gas mileage.
Tests were performed at the small leakage, at which the on-
board diagnostics system did not record any error. The
mass air flow indicated the correct value, while the pressure
sensor indicated underrated value as compared with the
corresponding model, especially in the range of high loads.

Fig. 8 shows the results of measurements of the intake
manifold pressure and the mass air flow for the described
failure at 85% of the throttle opening.
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Fig. 8. Comparison of sensors indications for two states: fault-free and
manifold leakage at throttle opening 85% a) MAF sensor, b) MAP sensor

The manifold pressure signal values in this case are
larger than in fault-free state for all engine speeds, while the
air mass values remain the similar. The fuel injection con-
trol of the tested engine is based on indications of MAF
sensor. In this case the adaptive control system will try to
adjust the fuel dose based on the lambda sensor indication.

4.4. Residuals analysis

During simulation of the model three residuals 1, 15, 13,
described with equations (8—10) are generated. It can be
created multiple residuals, but in this simple example they
do not provide any new information.

Residuals should be generated for several operation
points at stationary condition. Fig. 9 shows the relationship
between three indications describing the engine load: throt-
tle position o, manifold pressure p,, and air mass flow rate
my, for engine speed n = 4500 rpm.
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Fig. 9. Relationship between throttle position, manifold pressure and mass
air flow for GDI engine at engine speed n = 4500 rpm

The simulation was performed for four states: fault-free,
MATF sensor fault (fault 1), TPS sensor fault (fault 2), mani-
fold air leakage (fault 3). It was assumed that only one fault
can occur at the same time. For one selected engine operat-
ing point (n = 4500 rpm, o = 85%), the simulated results
with measurements were compared (Fig. 10). Averaged
values of manifold pressure signal and air mass flow rate
signal were compared with the outputs of the model i.e.
functions f}, f,, f; described in the equations (5-7).
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Fig. 10. Comparison of results of model simulation and measured data for
four states of air intake system at 85% opening position of throttle valve
and engine speed 4500 rpm

The residuals described in the formulas (8-10) were
calculated and residual indicators described in formula (11)
were summarised in Table 1.

Table 1. Residual indicators

The residuals takes two states: 1 means that the differ-
ence between data end model output surpasses the value of
model uncertainty and 0 means that the difference lies with-
in the limits of model error. In the simple case only three
residuals are sufficient.

5. Conclusions

The article proposes the model-based method of diag-
nosing faults in the air-intake control system of engine not
diagnosed by Mitsubishi Carisma OBD system. Incorrect
measurement of airflow, change of throttle position sensor
characteristics and leakage in intake manifold were tested.
Based on simulation, residuals were generated.

The diagnostic method described here is based on
measurements of all three physical quantities, which are a
measure of the load on the engine: mass air flow, manifold
pressure and throttle angle.

However, only two sensors are commonly installed in
cars. In Mitsubishi throttle angle and mass air flow are
measured. Based on measurements from two sensors, func-
tion f; cannot be determined. However, the TPS sensor
error can be ruled out by comparing its indication with the
second redundant TPS sensor.

This method has been verified for steady-state operation
of the engine and illustrated for one operating point of en-
gine. The residuals generation should be repeated for sever-
al steady-state operation condition (different rotational
speeds and loads), as errors are not always reflected in
measurements. Defect can be detected if the corresponding
residuum is greater than the uncertainty of the model.

n =4500 rpm, o = 85%
Parameter fault-free MAF fault TPS fault manifold
leakage
R1 0 1 1 0
R2 0 0 1 1
R3 0 1 0 1
Nomenclature

SI spark ignition

OBD on-board diagnostics

GDI  gasoline direct injection a throttle position

MAP manifold absolute pressure n rotational speed of engine

MAF mass air flow Pm manifold pressure

TPS throttle position sensor m,  air mass flow rate

ABS anti-lock breaking system
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