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Abstract: In turbocharged engines with wastegate the exhaust pressure can change rapidly. A
method to estimate the exhaust manifold pressure is presented for diagnosis of wastegate
and turbocharger on spark-ignited engines. It does not require any extra sensors in the
exhaust system after the calibration. A non-linear model is developed of the exhaust pressure.
Estimates of the exhaust manifold pressure relies on information from an air-to-cylinder
observer and a static map of stationary exhaust pressure. The exhaust manifold pressure
estimator is validated using a series of wastegate steps on a turbocharged2SA&E’
Sl-engine. The exhaust pressure estimation is designed for steady-state conditions and the
validation shows that it works well and converges withito 4 seconds.
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1. INTRODUCTION which acts as a restriction and produces back pressure.
The turbine which also acts as a restriction and finally
Knowledge of the exhaust manifold pressure on athe wastegate which shunts_vr_:lrying a_mounts of thg
turbocharged Sl-engine with wastegate is useful forexhaUSt gases past the_restnctmg turbine. Chaf‘g_es n
valve position therefore influences the flow restriction

g:?sr'][ossitgrfnﬂ]&Zv\?vj:tgeataet,etzgnttlrjcr)g rt]ﬁé agsvé?fo?ﬁ'eand the exhaust side of the engine can not be modeled
SLSY ) ye P as a constant flow restriction. Unfortunately the posi-
turbine and prevents engine and turbocharger from

. : ) tion of the wastegate is not measurable, which further
destruction by reducing the pressure in the exhaust 9

manifold. Therefore it is crucial for turbine safety complicates the situation.

to diagnose the wastegate. One method to diagnosdo estimate the absolute exhaust manifold pressure
wastegate operation is to use the exhaust manifoldthe information from a mean value air-to-cylinder es-
pressure. This is not normally measured due to thetimator (Andersson and Eriksson, 2001) is used to-
high temperatures in the exhaust system and the extrayether with an additional map of the stationary ex-
cost of an additional sensor. Observers are thereforehaust pressure. The estimated exhaust pressure can
desirable for the exhaust manifold pressure. For natu-then for example be used for diagnosis of the waste-
rally aspirated (NA) Sl-engines observers for pressuregate, diagnosis of the turbine, or checking the back-
and temperature in the exhaust manifold have beenpressure caused by the exhaust system. The developed
proposed in (Maloney and Olin, 1998) with good re- estimator is nonlinear and model-based. No additional
sults. In NA engines the exhaust pressure is generatedgensors in the exhaust system are needed by the esti-
by the exhaust system which acts as a simple flow re-mator after calibration. The only sensors used are air
striction. On turbocharged engines with wastegate thismass flow, pressure and temperature after the throttle,
restriction consists of three parts. The exhaust systemwhich are available on many production engines. The
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Fig. 1. Sensors and actuators on the engine. The only
measured air mass flow is before the compressor,

Wa.

estimated exhaust pressure is only valid under steady-

state conditions since the air-to-cylinder have to settle
and a simplified static intake manifold model used.

1.1 System Overview

In Figure 1 the components of the engine and the
sensors is shown. The air flows through the air-filter
and is then measured by a hot-film air mass seWspr

It is then compressed and cooled by the intercooler.
The air flow into the intake manifold is restricted by
the throttle which is operated by setting the angle of
the throttle platev. Air mass flow past the throttle and
into the intake manifold i$V,;. In the intake manifold
there is one pressure senggy,, and one temperature
sensofl;,,.

From the intake manifold the air mass flow to the
cylindersisi¥, and it can only be measured stationary
by W,. The mass of air that can fill the cylinder de-
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Fig. 2. Top: When the wastegate is opened the exhaust

pressure drops but the air mass flow is main-
tained constant by a controllecénte). Bottom:

At stationary conditions with closed wastegate
(time 8, 28, and 50 ) the mapped volumetric ef-
ficiency agrees with the current volumetric effi-

ciencyro = Yalishmiz When the wastegate
is open (time 1'/? 30, and 60) the volumetric effi-

ciency does not match the mapped value.

pends on, among others, the amount of residual gases

in the cylinder. The later is governed by the exhaust
manifold pressure..,,,, which in turn depends on the

2.1 Air-to-cylinder Model

wastegate position. A closed wastegate increases thé\ standard method to model air to cylinder flow is
exhaust manifold pressure, and results in more resid-to map the volumetric efficiency of the engine under

ual gases and a smaller mass of air can fill the cylinder.

The wastegate is controlled by a pulse width modu-
lated (PWM) signal.

2. MODELING

Air mass to cylinder is influenced by the exhaust

stationary conditions (Heywood, 1988; Taylor, 1994).
In the turbocharged engine the exhaust manifold pres-
sure varies with the setting of the wastegate which
affects the volumetric efficiency since it is a function
of the pressure rati%. This is supported by mea-
surements, see Figure 2.

Changes in exhaust manifold pressure therefore influ-
ences the air mass that can enter the cylinder. Vol-

pressure and a model that describes the air mass taimetric efficiency estimates the air mass to cylinder

cylinder flow is therefore first described. Later the
exhaust manifold pressure variations due to waste-
gate operation are modeled using the air to cylinder
information. Finally a brief summary of the exhaust
manifold pressure estimation is given.

Here the intake manifold pressure dynamics is ne-
glected when the exhaust manifold pressure is esti-

mated. For a description of the symbols used, please

see the nomenclature at the end.

well if the exhaust manifold pressure is the same as

during the engine mapping. However if the exhaust

pressure is not the same as during the mapping there
will be an offset, calledn A, in estimated air compared

to the actual air mass to the cylinder per combustion.

Stationary this offset is

Pim Vd
Rc Ti'rn

Ny
at 7y
N

ma = Mol (N, Pim) 1)



. Exhaust Pressure as a Function of Ar Mass Offset Since no heat transfer is assuni&g in Equation (2)
and the temperature in the intake manifold is measured
it is used instead],; = Ti,. When the in cylinder
mass is calculated in Equation (3) the pressure at
intake valve closing is needed. The modeled engine
is not equipped with a tuned intake system therefore
the intake manifold pressure is used instead,=
pim- Exhaust manifold pressure can be calculated by
inserting Equations (3, 4) into Equation (2), given the
volume of the residual gasé&% and their temperature
T..
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Fig. 3. Measured exhaust pressure with different

. . . k
wastegate settings when the engine was running

at stationary conditions. The exhaust pressure is V. +Vy R,

linear as a function of the air mass offset Pem = v Pim — VrmafTim =

The slope of the fitted first order function varies /. v/ R.

. . R X . cT Va c
slightly with engine operating point. v Pim — hopimVak = mmalimk
T K

During intake manifold pressure transients the esti- Pemmap(Npim) Perm a (Ma,Re(N),Tim k)
matedm is not valid due to the change of mass (5)

inside the intake manifold. The air mass offsef .
: . ) . The important second order effects, such as heat trans-
is estimated by the estimator (Andersson and Eriks- .

Per, and valve overlap etc. are taken into account by

son, 2001) and can be used to produce an estimate o : - 1 VotV
the change in exhaust manifold pressyg, ,, com-  maps: In Equation =1+ N#) and=g-= are
pared to the pressure conditions during the mappingconstant since the engine does not have variable valve

of volumetric efficiency. timing. IN per,,, (N, pim ) the second term
1
MolPim Va | 1+ m
2.2 Exhaust Pressure Model - =/,

k

In Figure 3 the exhaust pressure is plotted undercan be regarded as independentofvolumetric ef-
stationary conditions as a function of air mass offset ficiency is quasi-statically a product where one factor
given by Equation (1). Exhaust manifold pressure is (Heywood, 1988) is

nearly linear with the air mass offset. The developed 1 1
exhaust pressure model is motivated by considering a 1+ —A— P
simplified process for the gas exchange. A(#),

which cancels the dependency of the air/fuel ratio.

D“F"‘g the gas exchange, fres_h gases are mixgd WithThe static part of the exhaust manifold pressure
residual gases. If heat transfer is neglected, the internal '

energy of the mixture is conserved according to the gf;”é“a”g;f’sp é’g%’stlz nget;asrrgllggda 132230?3";? m[EZF_
first law of thermodynamics. A standard assumption ' °

. e ratio.The amount of residual gases. is small com-
Heywood, 1988) is to assume constant specific heat -
iv fgr unburned ;nd burned mixture. In thiz case the pared to the mass of air and fuel,; and therefore the

gas constant for the unburned mixture is used and the

burne(_j mixture Is studied at exhaust yalve closing jmpact of residual gases are neglected. Air/fuel ratio
when it has expanded to the pressure in the exhaust

manifold. Therefore,, and the molecular weight will nfluences the gas constantin the following way

differ approximately1l0% between burned and un- R, R,
burned mixture (Heywood, 1988). With these assump- Re (M) = M~ mitme —
tions the gas constami,. is also regarded as constant. nfta

Re(1+X(2).
meyT1 = mopeyTap + mecy T, 2 Mf(+ )\M(F()AS)) (6)
a\F)s
If the gases are assumed to be ideal the total in Cy”nderlsoocatane was used to approximate the fuel data
massn and the residual gas mass can be obtained. in Equation (6) andR. (\) was inserted into Equa-

tion (5). If there is no sensor data available of the

~ pe (Ve + Vo) 3) air/fuel ratio it can be approximated using the relation-
- R. T ship W
Dem Vr \ = __rrat
r = 4 .
" TR, *) (%), iy



Fuel mass flow is calculated using the injector approx-

imation:
. N
g = —ney Kinj (tinj — to)
.

The injector pulsewidtht;,; is available in most
ECUs.

The resulting exhaust manifold pressure model has

only one parameter and that is the volume of the
residual gaseg;. it was estimated using a least-square
method on measured engine data.

in each work point before & second sampling was
started. The median of the sampled data was then
stored in114 points.

Step response experiments where performed with the
same instrument HPE 1415A and a sampling fre-
quency ofl1 kHz was used. Anti-alias filters were
disabled due to the damping and delay introduced by
the filter.

4. VALIDATION OF ESTIMATOR

2.3 Summary of Exhaust Pressure Calculation Procesdn the validation process measured engine data was

First the air mass offset:n, Equation (7b), is cal-

used. The test case will be described thoroughly in the
next section. The exhaust pressure is estimated using

culated. The air fuel ratio dependency is Captured by the static map of the exhaust manifold pressure and air

Equation (7¢) and is inserted into the final equation 7d.

R (142 (7),)

Re () = (7a)
( ) Mfuel + )\Mau (%)s
_ ) pzmvd _ &
mMA = "ol (N7 pzm) R. ()\) Tomn War N (7b)
1
k=14 (7¢)
MM#),
R. (A
Pem = Pemmap (N; pim) - ( ) maTimk (7d)

T

3. MEASUREMENT SETUP

The measurements were performed ah&dn? tur-
bocharged SAAB spark ignition engine with waste-

mass offset informatiomn .

The estimator is validated using measurements of the
exhaust pressure while wastegate valve was manu-
ally operated. In the engine management system, a
controller tried to maintain constant air mass flow
through the throttle. Since the power to the compressor
is reduced when the wastegate is opened the throttle
controller will open the throttle to compensate for the
lowered air mass flow. Throttle angle will therefore
not be constant during the test, which influences the
air mass flow through the throttle and the air dynamics
introduces a small deviation in the estimated air mass
offsetma until the system has settled.

4.1 Estimated Exhaust Pressure

gate and drive-by-wire system. The engine is con- Measurements have been taken for a number of en-
nected to an asynchronous Dynas 220 NT dynamome-gine speeds betweer600 and 3100 RPM. In each

ter, which is operated at constant speed mode. Themeasurement the engine speed was held constant and
dynamometer is controlled by a PC and the engine isthe wastegate was initially controlled by the ECU.
controlled by a research engine management systenThe wastegate was opened and held constant for ap-
called Trionic 7. The engine management unit was proximately 10 seconds and then closed. In Figure 4
connected to a PC in the control room using a CAN- the results of the estimation can be seen with the use
bus. From the control room it is possible to control the of a map and the combined map and air mass offset
throttle and the wastegate. The later was also manuallyinformation. The fit is within approximatel§ % for
operated with a handle. the estimated absolute exhaust manifold pressure.

The engine is equipped with additional pressure sen-To show the dynamic behavior of the exhaust manifold

sors Kristall 4293A2 and Kristall 4293A5 before the pressure estimator two operating points was chosen,
throttle, in the intake manifold, and in the exhaust one at low engine speed and load and one at higher
manifold before the turbine. There are also extra engine speed and higher load. To reduce noise the
temperature sensors of PT200 type, Heraeus ECOsignals used in the computation of Equation (5) have

TS200s, in the intake manifold and between the in- been low pass filtered and so have the measured ex-
tercooler and the throttle and in the exhaust manifold haust manifold pressure been to reduce engine pump-
close to the turbine. ing fluctuations. The low speed and load case is shown
in Figure 5 and the higher speed and load is shown

in Figure 6 where different settings of the wastegate

was used. It takes a few seconds for the estimated
exhaust manifold pressure to converge since stationary
conditions have been assumed to calculated the air
mass offsetna.

All measurements were performed with an HPE
1415A, which is a VXI-instrument. Engine mapping
was performed with a sampling frequency I6f Hz
and the signals were low-pass filtered &z to avoid
aliasing. The engine mapping was performed from
1000 RPM up to4800 RPM in steps of approximately
500 RPM. The lower limit was due to severe vibra- The delay in Figure 5 and Figure 6 is caused by the
tions at higher loads. The engine was &inseconds low pass filtering of e.g. the air mass flow signal.
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air/fuel ratio, and estimated volume of the residual
gasesV,.. Themna is affected by errors in the mea-
sured air mass flow into the manifoldl,;, p;,,, and
volumetric efficiencyhyo.
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Fig. 4. Left column:When the static map of the ex-
haust pressure is used the exhaust pressure is )
overestimated as the wastegate is opefght .Re5|dl.1al.g.as volgmfz;. is assumed to bg constant but
column: The air mass offset information de- N realityitis notsince there are dynamic effects in the
creases the estimation error when the wastegated@S €xchange such as the inertia of the gases.
is opened.

5. CONCLUSIONS
120 ‘N = 1800 RPM bmep = 5.2 bar
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gate the exhaust pressure can not be estimated using
a static map ofV andp;,,. This since the wastegate
valve can change position during normal operation.
The non-linear model based air-to-cylinder observer
estimates the in cylinder mass offsel and together

/ with the static map of the exhaust manifold pressure
el ‘ a better estimate of the exhaust manifold pressure can
oo ‘ - be made. The proposed model based estimator cap-
tures well the changes in exhaust pressure when the
wastegate is opened and closed. Which can be used in
g S ‘ ‘ the diagnosis system, e.g. to check the back pressure
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Fig. 5. Estimated exhaust manifold pressure during
a wastegate step at low engine speed and load.
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NOMENCLATURE

Symbol | Description

Pim Intake manifold pressure

Pem Exhaust manifold pressure

De In cylinder pressure at intake valy
closing

Tim Intake manifold temperature

T Temperature of charge (air, fuel, af
residual gases) at start of compress

Toy Temperature of air/fuel charge at sta
of compression

T, Temperature of residual gases

Thvol Volumetric efficiency

« Throttle angle

W, Measured air mass flow

Wt Air mass flow through throttle

W, Air mass flow to cylinder

m In cylinder mass at inlet valve closin

my Mass of fuel the cylinder

Mg Mass of air the cylinder

Maf Mass of air and fuel in the cylinder

ma Air mass to cylinder offset, calculate
using mapped volumetric efficiency

m, Residual gas mass

M. Molecular weight of mixture in the
cylinder at inlet valve closing

M, Molecular weight of air

My Molecular weight of fuel

Ng Number of moles of air

ny Number of moles of fuel

Co Specific heat at constant volume

5 Ratio of specific heats

R, Specific in cylinder gas constant
intake valve closing

R Gas constang.31 [ L]

Te Compression ratio of the engine

A Normalized air/fuel ratio

(%) } Stoichiometric air/fuel ratio

k Scaling factor to calculate air and fu
mass given air mass,= 1 + @

Va Displacement volume ’

V. Clearance volume

V. Volume of residual gases

Ny Number of revolutions per cycle

N Engine speed i revolutions per seco

tinj Time in seconds where the injector
open

Kinj Maximal delivered fuel mass per se
ond

to Time in seconds for the injector ne
dle lift

Linj Engine speed i revolutions per seco

nd
on
art

=

)




