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Development of a Hierarchical Observer for
Burned Gas Fraction in Inlet Manifold

of a Turbocharged Diesel Engine
Kamyar Nikzadfar and Amir H. Shamekhi

Abstract—Altogether with extent of automotive role in today’s
life, governments are approving stringent laws to lower the per-
mitted level of automotive emissions. An important specie of auto-
motive engines emissions is NOx . Different methods are developed
to decrease the level of NOx generation; one of which is exhaust
gas recirculation (EGR). Since the performance of EGR is strictly
depended on burned gas fraction (BGF) in inlet manifold, the pre-
cise control of BGF is of importance. Unfortunately, due to inlet
manifold temperature, no economical sensor is available to mea-
sure the BGF; therefore, estimators are employed instead. In this
paper, a stable observer is designed for estimation of air fraction
in inlet manifold. The governing equations are in the form of lin-
ear parameter varying (LPV). Since the LPV parameters are not
directly measured, a hierarchical estimator structure is developed.
Lyapunov theory is employed to design the higher level estimator,
while high gain estimators and open-loop estimators are devel-
oped for estimation of the lower level parameters. Experimental
test results show that the higher level estimator is able to estimate
the BGF with high accuracy in both transient and steady states.
Furthermore, it is shown that BGF estimator is more sensitive to
aspirated gas flow estimation rather than exhaust temperature and
pressure.

Index Terms—Burned gas fraction estimation, intake oxygen
concentration, diesel engines, linear parameter varying, hierarchi-
cal estimator, dirty derivative observer.

NOMENCLATURE

Abbreviations

BGF burned gas fraction
LPV linear parameter varying
EGR exhaust gas recirculation
BSFC brake specific fuel consumption
UEGO universal exhaust gas oxygen
LMI linear matrix inequality
MRIS model reference identification scheme
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HiL hardware in the loop
VGT variable geometry turbine
IOC intake oxygen concentration

I. INTRODUCTION

W ITH stringent legislation by governments to decrease
emission, extensive efforts are made by automotive

manufacturers to lowering the level of internal combustion en-
gines emission as a main source of pollution. One of the most
important species of diesel engine emissions is NOx . NOx is
generated due to breakage of air Nitrogen molecules in high
temperature combustion. NOx as a main part of engine emis-
sions is critical to change biological processes and plays an im-
portant role in various physiological and pathological processes.
It also contributes to formation of tropospheric ozone. There-
fore, different technologies are developed to reduce NOx . These
technologies might be categorized into two classes of in-cylinder
treatment and after treatment systems. Exhaust gas recirculation
(EGR) is a well-known technology which delivers the combus-
tion products from exhaust manifold into inlet manifold through
a controlled valve in order to reduce the combustion tempera-
ture. The recirculated exhaust gases decrease the level of NOx
generation by decreasing the share of combustible gases in inlet
gas which will in turn decrease the temperature of combustion.
The precise control of BGF in inlet manifold will significantly
reduce the level of NOx generation with negligible effects on
soot generation. Although, further increase of BGF in inlet air
leads to a drastic decrease of NOx formation, too much burnt
gas will increase both soot and brake specific fuel consumption
(bsfc) [1]. These all make precise control of EGR an important
task in engine management systems. Usually closed loop con-
trol systems are employed to control burnt gas mass fraction
is inlet manifold by regulating EGR valve. In production-type
diesel engines control systems, the mass air flow is usually em-
ployed as feedback variable to control EGR, however it is not
a good choice for control of EGR due to weak correlation of
NOx formation with air mass flow [2]. Although the best feed-
back parameter is oxygen concentration in inlet manifold, it is
not possible to measure the level of inlet manifold burnt mass
fraction by conventional sensors due to insufficient temperature
in inlet manifold; therefore, observers are employed to estimate
burnt gas mass fraction. By exact measuring of recirculated ex-
haust gas mass flow rate, besides inducted air flow rate; open
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loop estimators can be employed to estimate burnt mass fraction
in manifold [3]. However, in the case of diesel engines -where
not all the exhaust gas is burnt gases-, open loop observers which
solely operate based on EGR mass flow rate estimation fail to
estimate intake oxygen concentration (IOC) -or intake burnt
mass fraction- with desired accuracy in transition regime [4].
That is why the task of burnt mass fraction estimation is of high
importance specially in transient operations. Inlet and exhaust
manifolds, fuel injection system and engine induction system
forms a dynamic system with burned gas (fresh air) fraction
as states. Today, with advent of universal exhaust gas oxygen
(UEGO) sensors, it is possible to measure fresh air mass fraction
in exhaust manifold as the measurable output of the mentioned
dynamic system [5], [6]. Unfortunately, due to nonlinearities
involved in processes, the task of estimation is complicated and
leads to complex nonlinear observers.

Different researchers have addressed the problem of BGF
estimation in diesel engines. D’Ambrosio et al. developed a
thermo-fluidic zero dimensional model of EGR gas flow in gas
passages of diesel engine [7]. They employed pressure and tem-
perature of downstream and upstream of EGR valve to estimate
the flow through EGR valve lift based on orifice equation and
discharge coefficient. The result models are applied to estimate
EGR rate in both conventional and non-conventional combus-
tion conditions. In order to promote the performance of esti-
mation in transient modes, some researchers tried to compen-
sate for dynamic prediction of EGR gas flow rate in transient.
Kyunghan et al. employed correction algorithms for estima-
tion of IOC in transient. They defined dynamic correction state
for orifice valve of EGR, also they used energy conversation
equations in intake manifold to consider the dynamic effects of
inlet manifold pressure on estimation of IOC in transients. They
determined a linear parameter varying (LPV) based on these
dynamic models, after which they employed extended Kalman
filter to derive the value of correction factors. They demon-
strated that their estimation scheme can estimate the value of
IOC in transient regimes. Diop et al. developed an estimation
algorithm for the oxygen concentration in the intake manifold
of a turbocharged diesel engine [8]. The developed algorithm
employed boost pressure, fuel injection rate, engine speed and
EGR valve opening for estimation. They used a first order dy-
namic model for estimation. The resulted estimator was slow
due to engine constraints for guarantying the stability of ob-
server. Chen and Wang developed an observer to estimate the
air fractions in the integrated diesel engine and after treatment
system [9]. They claimed that ignoring the after treatment sys-
tems and filters in designing air fraction estimators dictates sig-
nificant errors on estimation. They developed a Luenberger-like
observer and analysed it using a Lyapunov method as well as
the physical meaning of system parameters. Zeng and Wang de-
veloped an estimator considering time-varying transport delays
[10]. They calculated the delay time based on the continuity of
fluid velocity and show that developed estimator can properly
estimate air fraction in dynamic situations. Zhao and Wang de-
veloped a Luenberger-like observer for the oxygen fraction in
inlet manifold based on dynamic model of air-path loop tak-
ing in to the account the existence of oxygen content in the

biodiesel fuel [11]. The convergence of observer is proved using
physical consideration on engine. Wang developed an estima-
tor for estimation of air fraction in a dual loop EGR system
where two paths exist for exhaust gas recirculation [5]. He used
the UEGO sensor data besides a 4th order LPV model of a
turbocharged engine provided with a pressure throttle for low
load EGR demands for estimation purposes. The LPV model
is composed of varying parameters which describe the sys-
tems, where the parameters are functions of air fraction, gas
flowrates and pressure and temperature of different inlet/outlet
locations. Finally, he used a Lyapunov-based approach to stabi-
lize the estimator in whole engine operating points. The mea-
surement/estimation of parameters used in LPV model was a
restriction in state estimation. The proposed engine in Wang re-
search was provided with pressure and temperature sensors for
exhaust manifold, however the exhaust sensors are not available
in every diesel engine. On the other hand, Wang employed an
open-loop estimator for recirculated gas mass flowrate using a
simple orifice and measuring upstream and downstream pressure
and upstream temperature of recirculated mass flow rate. Since
the estimator does not compensate for dynamic process, the er-
ror of estimation will arise specially in transient modes. Feilong
and Pfeiffer developed a set of estimators to estimate flow rate,
pressure and temperature of inlet and exhaust manifold for low
pressure cooled EGR [12]. In the other research, Wang et al. de-
veloped a model based observer for oxygen concentration in a
VGT turbocharged diesel engine [13]. They proposed a less con-
servative observer development method for Lipschitz nonlinear
system using Ricatti equations. They also employed linear ma-
trix inequality (LMI) to obtain the observer gains. Castilo et al.
tried to developed an estimator for simultaneously estimate the
low pressure recirculated gas mass flowrate and BGF of a dual
loop EGR diesel engine [6]. They used a sliding mode observer
to estimate the low pressure recirculated mass flowrate based on
inlet manifold pressure and measured inlet flowrate sensor. Also
they used LPV model of engine inlet/exhaust system to estimate
the BGF in desired location based on robust Kalman filter and
LMI approach. Lee et al. employed model reference identifica-
tion scheme (MRIS) to estimate the exhaust gas recirculation
[14]. They developed a LPV model of inlet manifold gas dy-
namics as a reference model for observer design and derived a
stabilized update rule, based on model reference identification
to estimate exhaust mass flowrate. The problems encountered in
design of BGF estimation in diesel engines can be categorized
into three class of 1) BGF estimation 2) unknown mass flow
rate estimation and 3) hard to measure temperature and pressure
estimation. However, a research which takes into account all
the required estimators and study the performance of a unified
estimator has not been found in the literature.

In this paper, a closed loop estimator for estimation of BGF
in inlet manifold of high speed turbocharged engine with pres-
sure throttle is developed based on standard sensors. Where the
parameters are hard to measure or expensive sensors should
be provided to measure the parameters, appropriate easy im-
plementable estimation schemes are developed. Finally, a hier-
archical estimation scheme is developed containing both lower
level estimators for estimation of pressure, temperature and mass
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Fig. 1. The flowchart of research process.

Fig. 2. Fresh and burned gas dynamic system.

flowrates and an upper level estimator for estimation of BGF in
inlet manifold. Dirty derivatives as an unknown input observer is
employed to estimate recirculated mass flowrate based on inlet
manifold pressure [15]. Also the exhaust pressure is estimated
based on turbine performance [16], [17]. The performance of
integrated estimator is verified in different engine operation and
the effects of lower level estimators on burned gas mass fraction
estimation is studied.

The process of estimator design and different phases of
research is depicted in Fig. 1.

II. MODELLING OF BURNED GAS FRACTION

In order to estimate the BGF in inlet manifold, a dynamic
system with inlet manifold BGF (or fresh air fraction) as a state
and measurable outputs should be identified. By obtaining such
a system, it would be possible to estimate the unknown state
(BGF) by measuring the system output and using the obtained
model. By considering inlet and exhaust manifolds as the related
dynamic system and employing a broad band lambda sensor in
exhaust system, the desired system is obtained as depicted in
Fig. 2. In order to design and implement the estimator, a 1.5
litre common rail turbocharged diesel engine is proposed. The
specification of under studied engine is as shown in Table I.

The mentioned dynamic systems is composed of inlet and ex-
haust manifolds, exhaust gas recirculation valve, turbocharger,

TABLE I
THE ENGINE SPECIFICATIONS

injection system and combustion system. The main dynamics
of system belongs to manifolds filling process. Since the engine
management system is provided with an inlet mass flow rate
sensor, ṁc is known. Also, the exhaust manifold out-flow is
measured by a pressure difference-based flow sensor attached
on catalytic convertor. As inlet and exhaust flow rates are mea-
sured, there is no need to contain turbocharger dynamics into
observer model. Since the oxygen sensor in exhaust manifold
measures the fresh air ratio, the observer is designed to observe
fresh air instead of burned gas. Since only two species of fresh
air and burned gas are assumed to exist in manifolds, equation
(1) is valid:

X = 1 − F (1)

In which X is BGF and F is air fraction. In order to estimate
fresh air fraction, the manifold species governing state space
model is employed. The state vector of F is composed of two
states of a) air fraction in inlet manifold Fi and b) air fraction
in exhaust manifold (Fe ) as follows:

F =
[
Fi Fe

]T
(2)

Based on continuity equation and also species continuity
equation for air and burned gas:

⎧
⎪⎪⎨

⎪⎪⎩

Ḟi =
RTi

PiVi
[Feṁegr + ṁc − Fiṁas ]

Ḟe =
RTe

PeVe
[Fxṁx − Feṁegr − Feṁex ]

(3)

Where ṁas is aspirated mass flow rate and ṁegr is exhaust
recirculated mass flow rate. Also ṁx is the sum of entering mass
flow rate into exhaust manifold which includes inducted mass
and injected fuel mass in cylinder and is calculated by equation
(4) as follows:

ṁx = ṁas + ṁf (4)

Furthermore Fx is the fraction of fresh air in cylinder out
flow. Fx is calculated based on injected fuel flow as follows:

Fx =
Fiṁas − AFRst.ṁf

ṁas + ṁf
(5)

Since a UEGO sensor is employed to measure air fraction in
exhaust manifold, the second state Fe is considered as the only
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output of system. The equation (3) is reformed as follows:
[

Ḟi

Ḟe

]

=

[−αṁas αṁegr

βṁas −β (ṁegr + ṁx)

][
Fi

Fe

]

+

[
αṁc

−βṁf .AFRst

]

(6)

In which:
⎧
⎪⎪⎨

⎪⎪⎩

α =
RTi

PiVi

β =
RTe

PeVe

(7)

The equation (6) may be simplified as follows:
[

Ḟi

Ḟe

]

=

[
ρ1 ρ2

ρ3 ρ4

][
Fi

Fe

]

+

[
ρ5

ρ6

]

(8)

In which ρi variables are defined as follows:

ρ1 = −αṁas

ρ2 = αṁegr

ρ3 = βṁas

ρ4 = −β (ṁegr + ṁx)

ρ5 = αṁc

ρ6 = −βṁf .AFRst (9)

Briefly we have:
{

Ḟ = A (ρ) F + w (ρ)

y = Fe = CF =
[

0 1
]F (10)

Finally the governing equations for air fraction system is
turned to a linear parameter varying (LPV) system, in which
A(ρ) and w(ρ) varies based on engine operating points. Since
the mentioned matrixes are functions of ρi , and they are func-
tions of engine operating parameters (basically engine internal
mass flow rates), the matrixes will be bounded as follows:

li ≤ ρi ≤ ui (11)

In which li and ui are lower and upper bound for ρi re-
spectively. On the other hand, since ρi parameters are physical
depended parameters, they have relatively slow rates and cannot
change abruptly.

III. FRESH AIR OBSERVER DEVELOPMENT

Different methods are developed for LPV systems [3], [4]. In
this article a stable observer is designed based on Lyapunov the-
orems. Based on equation (10), the observer equation is obtained
as follows:

{ ˙̂F = A (ρ) F̂ + w (ρ)

ŷ = CF̂ = F̂e

(12)

Based on equation (10) and (12), the error dynamics is defined
as follows:

˙̃F = Ḟ − ˙̂F = A (ρ)
(
F − F̂

)
− L (y − ŷ)

= A (ρ) F̃ − LCF̃ (13)

In which F̃ is the estimation error vector and L is the ob-
server coefficients vector: L = [L1 L2 ]. The design aim is to
obtain L in order to stabilize observer. A Lyapunov candidate
function is considered as follows: V = 1

2 F̃ 2
i + 1

2 F̃ 2
e . In which

V is a positive definite function (PDF). If the time derivative of
V (F) in every system depended trajectory is negative, the esti-
mation error is asymptotically stable to origin, which means the
estimated values converge to real quantities. So, the derivation
of system along system trajectories are calculated as follows:

V̇ = ˙̃F iF̃i + ˙̃FeF̃e = F̃i

(
ρ1F̃i + ρ2F̃e − L1F̃e

)

+ F̃e

(
ρ3F̃i + ρ4F̃e − L2F̃e

)

= ρ1F̃
2
i + ρ2F̃i F̃e − L1F̃i F̃e

+ ρ3F̃i F̃e + ρ4F̃i F̃e + ρ4F̃
2
e − L2F̃

2
e

= ρ1F̃
2
i + (ρ4 − L2) F̃ 2

e + (ρ2 + ρ3 − L1) F̃i F̃e (14)

Different methods are developed to force the V̇ to be negative
[3], [4]. In this paper, a simple yet conservative approach is
employed to guarantee that derivative of Lyapunov function
is negative along trajectories. Equation (14) shows that V̇ is
composed of 3 distinct terms. We aim at design L so that every
three terms are always negative. It is obvious that it is a rigorous
constraint on L. We have:

a) Based on equation (9), ρ1 is always negative: the first term
ρ1F̃

2
i is always negative.

b) According to equation (9), ρ4 is always negative: L2

should be positive so that the second term always remains
negative.

c) In the third term (ρ2 + ρ3 − L1)F̃i F̃e , due to positive
value of F̃i F̃e , the term ρ2 + ρ3 − L1 should always
be negative. Regarding equation (9) it is obvious that
ρ2 + ρ3 = αṁegr + βṁas , so L1 should be obtained so
that it is always greater than αṁegr + βṁas .

So two necessary (but not sufficient) conditions on L vector
is briefly:

L2 > 0

L1 > αṁegr + βṁas (15)

The first condition is simply applicable; anyway, in or-
der to apply the second condition, ṁegr , ṁas , β and α,
should be obtained in whole engine operation, so that Lmax =
max(αṁegr + βṁas) is calculated in whole operating point.
However the dynamic variation of αṁegr + βṁas factor should
be considered for calculation of Lmax , in this research the steady
state values of parameters are employed and a correction factor
of 20% is employed for dynamic compensation. The result of
ρ2 + ρ3 = αṁegr + βṁas in whole engine operation is shown
in Fig. 3.
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Fig. 3. Variation of ρ2 + ρ3 in whole engine operation.

Fig. 4. Implementation of burned gas estimator in inlet manifold.

Based on Fig. 3, Lmax = 88, where by applying 1.2 safety
factor, L1 is choose 105 and L2 = 10. It is seen that the maxi-
mum values for αṁegr + βṁas is obtained in high speed-high
load condition of engine operation.

The implementation of burned gas estimators is depicted in
Fig. 4. As shown in Fig. 4, in order to implement the designed
stable observer, it is needed to calculate all ρi parameters as
well as and α and β. It was shown earlier in equation (9) that
calculating these parameters needs inlet and exhaust pressure
and temperature as well as engine internal flows such as: cylinder
aspirated flow rate (ṁas), recultaed gas mass flow rate (ṁegr ),
entering air to inlet manifold (ṁc ), outgoing gas flow rate from
exhaust manifold (ṁex ) and injected fuel rate (ṁf ). ṁc and
ṁex are measured using appropriate sensors. Also ṁf might
be calculated using injector signal width and rail pressure. But
other mass flow rates such as recirculated gas mass flow rate
and cylinder aspirated mass flow rate are not directly measured
and should be estimated. Also exhaust manifold temperature
and pressure are hard to measure and need expensive sensors
and it is needed to develop appropriate estimators for estimation
of these parameters.

Fig. 5. Volumetric efficiency as a function of engine speed and inlet manifold
pressure.

Fig. 6. Block diagram of exhaust manifold pressure open loop estimator
implementation.

A. Cylinder Aspirated Mass Flow Estimator

In order to estimate aspirated air flow, density-volumetric
efficiency model is employed as follows [18]:

ṁas =
RPM

60
Pi

TiR
ηvVd (16)

In which Pi and Ti are inlet manifold pressure and temper-
ature respectively, ηv is volumetric efficiency and Vd is engine
displacement volume. Volumetric efficiency is assumed to be
a strict function of engine speed and inlet manifold pressure
[19]. The function is obtained using experimental results and
depicted in Fig. 5.

B. Recirculated Gases Mass Estimator

An important variable which should be calculated in estima-
tion of fresh air in inlet manifold is recirculated gases mass flow
rate. Due to the low mass flow rate of recirculated gases and
cost of proper sensors, estimators are employed instead.

In order to develop the estimator, the equation of pressure
variation is considered. The problem (estimation of mass flow
rate) is defined as finding an unknown input to an integrator-
like system, in which the output of integrator is known in ev-
ery instant. Stosky and kolmansovski have categorized different
methods of estimating such parameters [20]. The general form
of integrator-like system is as follows:

ż = x + y (17)
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Fig. 7. Maximum turbine flow based on VGT position.

In which z and y are measurable parameters, while x is not
measurable and should be estimated. The air manifold process
is a such an integrator-like system. The observers which are
employed to observe x parameters in processes like equation
(17) are called unknown input estimators. Different method such
as high gain observers, dirty derivative observers, Luenberger
observers and sliding mode observers are employed to observe
unknown parameters. In this paper high gain observer approach
is employed to observe recirculated mass flow rate. Assume an
integrator-like system just described in equation (17) as follows:

x = ż − y (18)

By applying a low pass filter on equation (18):

1
τs + 1

x =
1

τs + 1
(ż − y) =

1
τs + 1

(sz − y)

=
z

τ
− 1

τs + 1

( z

τ
+ y

)
(19)

In which τ is filter time constant. Assuming ε = 1
τ s+1

( z
τ + y) we will have:

1
τs + 1

x =
1
τ

z − ε (20)

The left part of equation (20) is the filtered value of parameters
x and might be assumed to be an estimation of x (x̂ = 1

τ s+1 x).
In this manner we have:

x̂ =
1
τ

z − ε (21)

It should be noted that decreasing τ will increase the observer
speed. In order to estimate the unknown parameter in equation
(17), following observer may be used:

⎧
⎪⎨

⎪⎩

ε =
1

τs + 1

(
z
τ + y

)

x̂ =
1
τ

z − ε

(22)

In order to implement this observer on the manifold process,
we have:

⎧
⎪⎪⎨

⎪⎪⎩

ε =
1

τg s + 1

[
Pi

τg
+

RTi

Vi
(ṁc − ṁas)

]

̂̇megr =
Vi

RTi

(
1
τg

Pi − ε

) (23)

Fig. 8. Turbine pressure ratio as a function of normalized flow and VGT
position.

In which ̂̇megr is estimation of recirculated mass flowrate. In
design of estimator τ is obtained to be 0.05 s.

C. Exhaust Pressure Estimation

The exhaust manifold pressure of engine varies between 2.5
to 4 bar in different operating conditions. Also exhaust temper-
ature is in the range of 800 °C to 900 °C [1], [21]. The exhaust
manifold condition is not appropriate for pressure sensors. That
is why we employ an estimator for exhaust pressure. Differ-
ent methods are suggested by researchers to estimate exhaust
pressure; most of them are based on turbine performance and
exhaust mass flow rate [22]. Outlet mass flow rate from exhaust
manifold ṁfil is usually measured using a pressure differential
sensor which is attached after turbine and beside exhaust filter.
Also the turbocharger governing equations and turbine perfor-
mance map are available. Due to available information, an open
loop estimator is employed to estimate exhaust pressure. In this
paper, the estimation is done based on variable geometry tur-
bine (VGT) map in [23]. As discussed in [23], mass flow rate
through turbine is a function of pressure ratio and turbine blade
angle. So the pressure ratio through turbine might be estimated
based on turbine blade angle and mass flowrate through turbine,
based on which and by measuring after turbine pressure Pdt ,
open loop estimator is employed to estimate exhaust manifold
pressure. Finally, the exhaust pressure estimator is implemented
as depicted in Fig. 6.

Turbine maps takes into account the corrected mass flowrate,
so the exhaust measured mass flowrate is corrected based on
exhaust pressure and temperature. On the other hand, the turbine
flow is normalized based on maximum flow rate in each blade
angle. The maximum turbine flowrate as a function of blade
angle is depicted in Fig. 7. The normalized turbine mass flowrate
and VGT angle is used to estimate turbine pressure ratio. The
look-up table surface is depicted in Fig. 8.
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Fig. 9. Efficiency compensation factor as a function of engine speed and load.

By measuring the pressure after turbine and estimating the
pressure ratio through turbine, it is possible to estimate exhaust
manifold pressure.

D. Exhaust Temperature Estimation

Some diesel engines are provided with a temperature sensor
for measuring exhaust manifold temperature. However, in the
under studied engine, no temperature sensor is attached on ex-
haust manifold. Instead an open loop estimator is developed for
it. Exhaust manifold temperature is a dynamic variable which is
affected by exhaust gas mass flow rate, in cylinder temperature
in exhaust stroke, exhaust manifold condition and turbocharger
performance. In this research, it is assumed that contained gas
temperature in exhaust manifold equals the outlet gas from cylin-
der in exhaust stroke. However, the in-cylinder gas temperature
is drastically variable in combustion process, it is possible to as-
sume it constant while exhaust process. Based on Seliger cycle
governing equations, the exhaust temperature is obtained from
equation (24) [24]:

Te = ηsc

(
Pe

Pi

)1− 1
γ
(

1
r

)γ−1 (
1 +

qin

cvT1rγ−1
xcv

) 1
γ −1

×
(

qin

(
1 − xcv

cp
+

xcv

cv

)
+ Tir

γ−1

)
(24)

In which ηsc is compensating factor of non-ideal cycle, xcv

is the fraction of burned fuel in constant volume process and
qin is released heat. Equation (24) shows that in order to esti-
mate exhaust temperature, inlet gas temperature and pressure,
exhaust pressure and released heat should be known. The inlet
gas temperature and pressure is measured by a TMAP sensor
attached in inlet manifold, while the exhaust pressure is esti-
mated by the earlie developed estimator. Also released heat can
be calculated based on fuel injection duration and rail pressure.
Two parameters of ηsc and xcv should be obtained based on
static engine test data. Based on executed tests and result of
[24], xcv is assumed to be constant and 0.6 and ηsc is obtained

Fig. 10. Engine on test bench.

as two variable function of engine load and speed as depicted in
Fig. 9.

IV. RESULT AND DISCUSSION

Hardware in the loop (HiL) simulation is employed to imple-
ment the higher and lower level estimators. Matlab Real-time
package is used for execution of estimation algorithm and a
National Instrument NI 6009 USB data acquisition system is
employed to transfer data to Matlab. Bosch boost pressure sen-
sor is employed to measure pressure and temperature is inlet
manifold.

To evaluate the observer performance, three different test pro-
cedures are conducted as depicted in Fig. 10. In the first test, the
higher and lower observers are evaluated using proper affecting
input signals. In the next test, the effects of atmospheric condi-
tion on observer performance is studied, while in the last test, the
effects of error in lower observers are studied on performance
of the high level observer.

In order to evaluate the higher level fresh air observer and
also lower lever estimators, two test scenarios are executed on
engine. In design of test scenarios, the affecting variables on inlet
manifold BGF have varied and the estimated BGF is compared
with real data. In the first scenario the EGR valve have stimulated
with a square waveform pattern and in the second scenario the
turbine blade angle has been harmonically varied. In the both
cases the estimated BGF in inlet manifold, aspirated gas to
cylinder, exhaust pressure and temperature are compared with
test data. In order to evaluate the hierarchical estimator in whole
engine operation, the test scenarios are done for four points
with various load and speed. The operating points are chosen so
that high speed-low load, high speed-high load, low speed-low
load and low speed-high load operation are covered. In order
to eliminate the controller operation on tests, the operation of
low-level controllers is deactivated.

The result of first scenario test is depicted in Fig. 11 to Fig. 14.
The result of estimation with EGR valve stimuli in low speed
and low load operation is illustrated in Fig. 11. The results show
that the BGF is estimated with high accuracy. The results also
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Fig. 11. Comparison of BGF, aspirated flow, exhaust pressure and temperature
estimators with measured data in 1500 rpm and 20% load operating point in
response to EGR valve square waveform opening.

Fig. 12. Comparison of BGF, aspirated flow, exhaust pressure and temperature
estimators with measured data in 2000 rpm and 80% load operating point in
response to EGR valve square waveform opening.

show 1.8% error for steady state estimation which is tolerated for
control applications. Also cylinder inducted gas estimator shows
acceptable performance. The steady state estimation error is
1.6%. Also comparison between exhaust manifold pressure and
measured values show 0.85% error for steady state condition.
Exhaust manifold temperature estimation also shows 0.6% error
for steady state condition.

The result of first scenario test in low speed-high load is de-
picted in Fig. 12. The results show that BGF and aspirated gas
flow estimators are able to estimate variables with high accu-
racy. The exhaust manifold pressure shows 1.4% error in both
steady and dynamic condition. The exhaust manifold temper-

Fig. 13. Comparison of BGF, aspirated flow, exhaust pressure and temperature
estimators with measured data in 3000 rpm and 80% load operating point in
response to EGR valve square waveform opening.

Fig. 14. Comparison of BGF, aspirated flow, exhaust pressure and temperature
estimators with measured data in 3500 rpm and 20% load operating point in
response to EGR valve square waveform opening.

ature estimator shows a 7.1% drift in low temperature region
in steady while the error drops for dynamic measuring. The re-
sults also show that the performance of upper level estimators
does not decrease with estimation error in exhaust pressure and
temperature.

The first scenario is done for high speed-high load and the
results are depicted in Fig. 13. The steady state BGF observer
error is 2.7% in this operating point. Also aspirated gas flow
and exhaust pressure estimators show 1% and 1.2% error for
steady state operation respectively. The exhaust temperature
estimator shows 3.6% error for steady state operation while in
dynamic operation it will increase to 5%. The main reason of
estimation error in dynamic operation is neglecting manifold
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Fig. 15. Comparison of BGF, aspirated flow, exhaust pressure and temperature
estimators with measured data in 1500 rpm and 20% load operating point in
response to a sinusoidal VGT variation.

process dynamics in estimator construction, where the cylinder
exhaust gas temperature is estimated instead of in-manifold gas.

Finally the first scenario is done for high speed and low load,
where the test results are illustrated in Fig. 14. The results show
that BGF estimation is done with high accuracy. Also the steady
state error for aspirated air mass estimation and exhaust pressure
estimation in both transient and steady conditions is acceptable.
Exhaust temperature estimation error in steady state is about 1%
and increases in transient mode.

In the second scenario, the performance of estimator is eval-
uated for a harmonic VGT blade angle variation of 0.5 Hz. Just
like the first scenario, the evaluation is done for four operation
condition and results are reported.

The result of estimators to VGT blade angle variation on
low speed and low load is depicted in Fig. 15. It is shown that
BGF in negligible. Also aspirated air flow estimator shows a
steady state error of about 0.3% and the exhaust gas pressure
and temperature estimator has less than 1% error in estimation.

The estimation error of estimators in response to VGT blade
angle variation in low speed and high load is illustrated in
Fig. 16. In this working operation, the main estimator error
is for steady state is negligible; however, it reaches to 4% in dy-
namic processes. Also the aspirated gas flow estimation is done
with high accuracy. The steady state error for exhaust pressure
and temperature is 3% and 1% respectively.

Also the test has been done for high load and high speed
and the result is depicted in Fig. 17. The main estimator er-
ror in steady state is 3% and the other estimator performances
are in accepted range, however estimation error of the exhaust
temperature is 3%.

The estimator results and real data are compared in high speed
and high load are illustrated in Fig. 18. In this condition, the re-
sults of main estimator show acceptable accuracy. However, the
aspirated gas flow shows a slight error for steady state condition.

Fig. 16. Comparison of BGF, aspirated flow, exhaust pressure and temperature
estimators with measured data in 2000 rpm and 80% load operating point in
response to a sinusoidal VGT variation.

Fig. 17. Comparison of BGF, aspirated flow, exhaust pressure and temperature
estimators with measured data in 3000 rpm and 80% load operating point in
response to a sinusoidal VGT variation.

In this condition, exhaust pressure is done with high accuracy.
Also open loop exhaust temperature estimator shows acceptable
performance and about 0.3% error in steady state estimation.

In order to study the effects of atmospheric conditions on
observers, two tests are done in nonstandard atmospheric con-
ditions. In the first test, the condition of test Fig. 11 is done
in atmospheric condition of 90 kPa pressure and temperature of
270 K. The results of test is depicted in Fig. 19. The results show
that the higher level observe can estimate the level of burned gas
with sufficient accuracy. Also the exhaust manifold pressure is
estimated better than normal condition.
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Fig. 18. Comparison of BGF, aspirated flow, exhaust pressure and temperature
estimators with measured data in 3500 rpm and 20% load operating point in
response to a sinusoidal VGT variation.

Fig. 19. Comparison of BGF, aspirated flow, exhaust pressure and temperature
estimators with measured data in 1500 rpm and 20% load operating point in
response to EGR valve square waveform opening in Pi = 90 kPa and Ti =
270 K.

Also the atmospheric test is done in 110 kPa pressure and
320 K conditions. Again the test is done in the same condition of
Fig. 11. The results of test is depicted in Fig. 20. The results show
that the higher level observer can estimate the BGF with desired
accuracy. Also, the exhaust manifold pressure error is increased
while the exhaust manifold temperature estimator performance
is promoted in this atmospheric conditions.

The last test is done to study the effect of error in lower
estimators on higher level observer. The values of lower level
estimators are changed and the results are considered on both
lower level and high level estimators as depicted in Fig. 21.
3 lower level estimator values are increased 20% from estimated
value and the estimated values are employed to observe the
BGF in inlet manifold. The results show that the aspirated gas
flow estimation is affective on BGF observed value while the
exhaust pressure and temperature estimation effects on higher
level observer is negligible.

Fig. 20. Comparison of BGF, aspirated flow, exhaust pressure and temperature
estimators with measured data in 1500 rpm and 20% load operating point
in response to EGR valve square waveform opening in Pi = 110 kPa and
Ti = 320 K.

Fig. 21. Effects of lower level estimator error on higher level BGF observer.

V. CONCLUSION

EGR control is a main task in diesel engine management
systems. In order to properly control the EGR system, BGF
in inlet manifold should be controlled precisely. Unfortunately,
the available sensing systems for measurement of inlet manifold
BGF are too expensive and complex to be used in convectional
engine management systems. Using advantage of universal ex-
haust gas oxygen, estimators are employed to estimate BGF
instead. Since different unknown parameters should be avail-
able in estimation of BGF in inlet manifold, in this paper a
hierarchical estimation scheme was developed to estimate the
BGF in inlet manifold of a diesel engine. A dynamic model was
developed for air fraction in inlet and exhaust manifold, based
on which a linear parameter varying is derived. The derived
LPV system contains some unknown and hard to measure pa-
rameters which are function recirculated gas flowrate, inducted
mass flowrate and exhaust manifold pressure and temperature,
therefore appropriate estimators are developed besides the main
estimator. Lyapunov stability theorem is applied to stabilize the
higher level estimator, while dirty derivative, unknown input
observer and open loop estimation methods are employed to
design lower level estimators. Since the precise operation of
higher level estimator is affected by lower level estimators, the
influence of each lower estimator is studied on inlet manifold
BGF estimation. The evaluation of overall performance of the
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proposed hierarchical estimation scheme estimator shows that
it is able to estimate BGF with high accuracy in both tran-
sient and steady state operation. However, the performances of
other estimators are investigated simply to evaluate the main
estimator and the effects of lower level estimators on the main
estimator performance, their operation falls in the acceptable
range for whole engine operation. Among lower level estima-
tors, the exhaust temperature estimator shows an error of more
than 5% for estimation in some specific operation points, which
is mainly due to omitting exhaust manifold dynamic processes.
Furthermore, it is shown that the accuracy of exhaust pressure
and temperature estimation is not influencing the BGF estima-
tor while the aspirated gas flow has significant effects of main
estimator performance.
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