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Abstract— Modeling and control of the gas exchange process
in modern diesel engines is critical for the promotion and
control of advanced combustion strategies. However, most
modeling efforts to date use complex stand-alone simulation
packages that are not easily integrated into, or amenable for the
synthesis of, engine control systems. Simpler control-oriented
models have been developed, however in many cases they
do not directly capture the complete dynamic interaction of
air handling system components and flows in multi-cylinder
diesel engines with variable geometry turbocharging and high
pressure exhaust gas recirculation. This paper describes a
simple, low order model of the air handling system for a
multi-cylinder turbocharged diesel engine with cooled exhaust
recirculation, validated against engine test data.

I. INTRODUCTION
Current and future emissions regulations and demand for
improved fuel economy have necessitated the development
of more complex engine systems and control strategies,
as well as novel combustion techniques aimed at reducing
emissions while maintaining efficiency [1], [2], [3], [4].
The development and use of these advanced combustion
techniques require increasingly accurate and robust control
of the gas exchange process [5], [6], [7]. Cost and time
intensive engine testing has generally been a large part of
engine control optimization, motivating the need for analysisled design and a more complete understanding of the gas
exchange process and dynamics of the air handling system
[8], [9].
While physics-based engine simulation models have been
used extensively for years for design and performance prediction, a relatively small number are amenable to control
design and have been developed to the extent of completely
characterizing air handling systems for diesel engine control
[10]. Much of the prior modeling efforts, while accurately
describing the dynamic interaction of engine components,
make use of detailed engine models via simulation packages
such as GT-Power [11], [12], [13], [14], [15]. These models,
while accurate in their predictive capabilities, are generally
more complex than is feasible for control design. Controloriented models have also been developed [16], [17], [18],
[19], [20].
The aim of this work is the development of a controlamenable engine model that can be used for real-time control
systems and that captures the behavior of the engine across
its entire operating space. A complete characterization of the
air handling system of a modern diesel engine with cooled
exhaust gas recirculation (EGR), a variable geometry turbocharger (VGT) and charge air cooler (CAC) is presented,
along with experimental validation of the model during both
steady state and transient operation.
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II. E XPERIMENTAL S ETUP
The air handling system model developed here is validated
against engine data from a Cummins diesel engine outfitted
with a variable valve actuation (VVA) system. The engine
used is a direct-injection in-line 6-cylinder Cummins ISB
with a displacement of 6.7 liters, 350 horsepower, and a
geometric compression ratio of 17.3:1. The engine’s airhandling system consists of a VGT and EGR valve. Flow
into and out of the cylinder is regulated with a pair of exhaust
valves and a pair of intake valves per cylinder. The exhaust
valves are driven by the camshaft; however, the intake valves
are driven by the electro-hydraulic VVA system matching
the standard camshaft intake valve profile. Boosted fresh air
from the turbocharger is cooled with a charge air cooler. The
fuel system consists of a Bosch common rail fuel injection
system with multi-pulse injection capabilities.
Engine data used for model validation was acquired using
a dSPACE system. The dSPACE system collects available
data from the electronic control module (ECM), such as
fueling commands, as well as from additional temperature,
pressure, emissions, and flow measurements instrumented on
the engine test bed. Cummins proprietary software is utilized
to access and control the ECM and command the positions of
the EGR valve and the VGT nozzle. Emissions gas analzyers
are used to measure the composition of the exhaust gases as
well as the concentration of CO2 in the intake manifold.
EGR fraction is calculated using the CO2 measurements of
the intake and exhaust streams. Cambustion NDIR Fast CO2
Analyzers were utilized during transient tests for their fast
response times of 8 ms. With the short response time, the
analyzers are fast enough to capture the transient responses
used for simulation validation. Steady state CO2 data was
collected using a California Analytical Instruments NDIR
gas analyzer.
III. C ONTROL O RIENTED M ODEL
This section outlines a physically motivated reduced order
model of the air handling system of a diesel engine to
ultimately be used for control design. The model consists
of 7 states: temperature and pressure of the intake manifold
and exhaust manifold, pressure of EGR cooler and CAC, as
well as the turbocharger shaft speed. The states are shown
visually in Figure 1. Using the ideal gas law, the mass of
each manifold is a function of the other manifold states and
volume.
A. Intake and Exhaust Manifold Models
The intake and exhaust manifolds are both modeled with
the commonly used manifold filling dynamics approach [1],
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The exhaust manifold is defined as the lumped volume
between the piston cylinder volume, the EGR cooler, and the
turbocharger inlet. The modeling of the exhaust manifold is
similar to that of the intake manifold:
γexh Rexh
dPem
=
((Weng +W f uel )Texh −Wegr,in Tem −Wturb Tem )
dt
Vem
(4)
dTem
dt

Tem Rem
[(Weng +W f uel )Texh c p,exh
PemVem cv,exh
− Wegr Tem c p,exh −Wturb Tem c p,exh
=

(5)

− (Weng +W f uel −Wegr,in −Wturb )Tem cv,exh ]

Fig. 1. Schematic of a modern diesel engine denoting model states and
flow variables.

[17], [21]. The intake manifold is considered to be the
volume between the CAC outlet and the piston-cylinder
volume. All thermodynamic states are assumed to be constant
throughout the volume. The governing equations for the
intake manifold are:
γim Rim
dPim
=
(Wegr Tegr +Wcac Tcac −Weng Tim )
dt
Vim
dTim
dt

(1)

B. EGR Valve
EGR flow is modeled as a function of the upstream and
downstream pressure of the EGR valve using the standard
orifice flow equation [17]:
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where Rem is the gas constant for the composition in the
exhaust manifold and Texh is the temperature of the gas
flowing out from the cylinder. Similar to the volumetric
efficiency model, Texh is calculated from an experimentally
derived model where Texh = Texh (AFR) where AFR is the
air-to-fuel ratio.

(2)

where T, P, and V denote temperature, pressure, and volume
respectively at the subscripted state location. System flows
are represented by W. Subscripts im, egr, and cac refer to
the properties of the model relating to the intake manifold,
EGR cooler, and the CAC, respectively. All system flows and
states are shown in Figure 1. The specific heats c p,amb and
c p,exh are the specific heats at constant pressure for ambient
air and exhaust gas, respectively, and cv,amb is the specific
heat at constant volume for ambient air. γim is the ratio of the
specific heats for the conditions found in the intake manifold.
Flow from the intake manifold into the cylinders, Weng , is
modeled using the speed-density equation [22],
1
Weng = ρim ηvVd N
(3)
2
where ρim is the density of air in the intake manifold, ηv
is the volumetric efficiency, Vd is the displacement volume,
and N is the engine speed.
The volumetric efficiency is computed using an experimentally derived model in which ηv = ηv (Pim , Tim , Pem ),
where Pem is the exhaust manifold pressure.

Here, k can be replaced with egr to describe EGR flow, and
subscripted indices i and j correspond to the upstream flow
conditions and downstream flow conditions, respectively. In
this case, upstream conditions are taken to be that of the
EGR cooler exit while downstream conditions are that of
the intake manifold. C is the discharge coefficient associated
with the valve opening and Ae f f is the effective flow area,
which is a function of the EGR valve position. The pressure
ratio correction factor, Ψ, is given by

√  2 ((γ+1)/2(γ−1))
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(7)

where γ corresponds to the ratio of specific heats for exhaust
gas.
C. EGR Cooler Model
The EGR cooler is another lumped volume in the model.
The pressure dynamics are modeled in the same manner as
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used with the intake and exhaust manifolds.
dPegr
γexh Rexh
=
(Wegr,in Tem −Wegr Tegr )
dt
Vegr

(8)

The temperature of the EGR cooler outlet is assumed to
be constant. The pressure drop across the EGR cooler is
accounted for using the standard orifice flow equations, (6)
and (7), where k in equation (6) is replaced with egr,in,
corresponding to the flow into the EGR cooler. In equation
(7), the upstream condition is the exhaust manifold and the
downstream condition is the EGR cooler outlet conditions.
The effective flow area and discharge coefficient are set to
generate the correct pressure drop across the EGR cooler at
a specified flow condition.
D. Charge Air Cooler Model
Fig. 2.

Again, just as the previous three lumped volumes were
modeled, the charge air cooler model utilizes the same
manifold filling dynamics.
γim Rim
dPcac
=
(Wcomp Tcac −Wcac Tcac )
dt
Vcac

E. Variable Geometry Turbocharger
The variable geometry turbocharger is modeled using
turbine and compressor maps provided by the turbocharger
manufacturer to determine the flow and efficiency of both
the turbine and compressor. The turbine flow and the turbine
efficiency are found with the turbine maps given the turbine
inlet temperature, the pressure ratio across the turbine, the
turbocharger shaft speed, and the nozzle position, shown in
equation 10.
[Wturb , ηturb ] = f (Tem , PRturb , Nturb , Xvgt )

(10)

The turbine efficiency is represented by ηturb , PRturb is the
pressure ratio across the turbine, Nturb is the turbocharger
shaft speed, and Xvgt is the turbine nozzle position. The
turbine power is then calculated in equation 11.

 γexh −1
Pamb γexh
Pt = Wturb c p,exh ηturb Tem 1 −
Pem

(11)

The input to the compressor maps to compute the compressor mass flow and efficiency include the turbocharger
shaft speed, compressor inlet temperature, and the pressure
ratio across the compressor, shown in equation 12.
[Wcomp , ηcomp ] = f (Nturb , Tamb , PRcomp )

The compressor power is then shown in equation 13.

(9)

Similar to the EGR cooler, the CAC outlet temperature is
assumed to be constant. The pressure drop across the CAC
is also accounted for in the same way as that used in the
EGR cooler model; the standard orifice flow equations, (6)
and (7), are again implemented, where k in equation (6)
can be replaced with cac. In equation (7), the upstream
flow conditions are that of the compressor outlet and the
downstream flow conditions are assumed to be that of the
intake manifold.

(12)

Air Handling System Sweep at 1850 RPM and 300 ft-lb



 γamb −1

γ
amb
Wcomp c p,amb Tamb  Pcac
Pcomp =
− 1
ηcomp
Pamb

(13)

The final model state equation is the turbocharger shaft
speed. Using the turbine and compressor power in Newton’s
second law, the rate of change of the turbocharger shaft speed
can be expressed as
ηm Pturb − Pcomp
dNturb
=
dt
Iturb Nturb

(14)

where Iturb is the moment of inertia of the turbochager. ηm
is the mechanical efficiency of the turbocharger and is a
function of the turbocharger shaft speed, ηm = ηm (Nturb ).
IV. S TEADY S TATE R ESULTS
The engine air handling system model is first compared
to experimental engine data at steady state conditions. The
model was validated against steady state engine data at
an engine speed of 1850 RPM and torque of 300 ft-lb,
shown in Figure 2, as well as at an engine speed of 2300
RPM and torque of 385 ft-lb, shown in Figure 3. In both
cases, air handling system sweeps are performed that involve
sweeping the EGR valve between 0% open and 100% open
at three different positions of the VGT. The VGT sweeps are
performed in the same way, with the VGT swept from 0%
closed to 75% closed for three EGR valve positions.
The model accurately captures the trends from the air
handling sweeps as demonstrated in Figures 2 and 3. Figure
2 shows that the model captures the trends as the EGR valve
is opened, the EGR fraction increases while the charge flow
decreases. The increase in EGR fraction is a result of more
EGR flow as the EGR valve is opened. The reduction in
charge flow as the EGR valve is opened is a result of more
flow out of the exhaust manifold through the EGR valve,
which results in the delivering of less energy to the turbine.
Therefore, as the EGR valve is opened, the compressor is
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Fig. 3.

Air Handling System Sweep at 2300 RPM and 385 ft-lb

receiving less power from the turbine to boost the incoming
fresh-air charge. During the VGT sweeps, as the VGT is
closed, the EGR fraction increases and the charge flow
increases, in some cases, the charge flow will eventually
begin to decrease. The increase in EGR fraction is due
to more restriction to flow through the turbine, resulting
in higher exhaust manifold pressures. For a fixed EGR
position, increasing exhaust manifold pressures results in a
greater pressure differential between the intake and exhaust
manifolds, resulting in more EGR flow. The increase in
charge flow is from both the increase in the EGR flow and the
increase in the fresh air flow. The increase in fresh air flow is
a result of an increase in turbocharger shaft speed due to the
reduction in flow area through the turbine. The increased
shaft speed results in more flow through the compressor,
increasing the fresh air flow. The cases where the charge flow
begins to decrease after closing the VGT beyond a certain
point is a result of a decrease in the turbine efficiency, thus
the power the turbine is able to provide decreases resulting
in the compressor no longer being able to deliver as much
fresh air flow.
Similar results are seen in Figure 3 for an engine speed
of 2300 RPM and torque of 385 ft-lb. Again, the model
accurately captures the trends as the EGR valve and VGT
are swept through their respective ranges. In this case, the
operating range of charge flows is larger, making the EGR
fraction less sensitive to changes in the VGT position.
V. T RANSIENT R ESULTS
In order to test the model’s transient predictive capabilities,
it was compared to engine data at 1850 RPM and a torque
of 300 ft-lb with step changes in either EGR position, VGT
position, or both, shown in Figures 4, 5, and 6, respectively.
As seen in all three sets of plots, the model and engine
actuator (VGT and EGR) positions are exactly the same as
these were inputs to the simulation model.
In Figure 4 the EGR valve was stepped from 15% open
to a completely closed position while the VGT position was

Fig. 4. System flows from a step change in the EGR valve position from
15% open to closed with the VGT at a constant 67% closed and at an engine
speed of 1850 RPM and torque of 300 ft-lb

Fig. 5. System flows from a step change in the VGT position from 67%
closed to open with the EGR valve at a constant 15% open and at an engine
speed of 1850 RPM and torque of 300 ft-lb

maintained at a 67% closed position. As is shown in the
figure, the model-predicted fresh air flow and charge flow
follow the engine data’s transient response quite closely with
very similar time constants. The initial error in the EGR
flow immediately after the step change can be attributed
to the error seen in the charge flow over the same time
interval. The charge flow error is a result of the fresh air
flow responding before the CO2 measurements do. Therefore,
for the short amount of time before the CO2 measurements
respond to the closed EGR valve, the EGR flow and fresh
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air flow are both high. When the CO2 measurements in the
intake and exhaust manifolds begin to decrease due to the
closed EGR valve, the charge flow falls back in line with
the model-predicted values. The discrepancy in the charge
flow at approximately 3 seconds was found to be noise in
the intake CO2 measurement. The steady state error in EGR
flow can be attributed to the fact that when the EGR valve
is completely closed, the model does not allow for any EGR
flow through the valve, whereas the engine data shows that
flow still occurs despite the valve being closed.

Fig. 7. System pressures from a step change in the EGR position from
15% open to closed and the VGT position from 67% closed to open at an
engine speed of 1850 RPM and torque of 300 ft-lb

Fig. 6. System flows from a step change in the EGR position from 15%
open to closed and the VGT position from 67% closed to open at an engine
speed of 1850 RPM and torque of 300 ft-lb

More dynamic responses are observed with a step change
in the VGT position, shown in Figure 5. The model predicts
a larger transient response than what is seen in the engine
data. As seen in the fresh air flow plot in Figure 5, the model
correctly predicts an initial increase in fresh air flow before
ultimately decreasing to steady state conditions. Similarly,
the model captures the initial undershoot of the change in
EGR flow before ultimately reaching a steady state value
lower than before the step change. The charge flow response
similarly follows the fresh air flow response, with an initial
increase, before ultimately converging on a steady state value
lower than that before the step change. Not only does the
model capture the dynamic behavior of the step change, but
it also converges on steady state values very close to the
actual engine data.
When both actuators are used to exercise the model during
a single simulation, the model still performs very well. Figure
6 shows the system flows for both the simulation model
and engine data. As shown in the figure, when the EGR
valve is closed, the model responds very accurately to the
changes in fresh air flow and EGR flow. The charge flow
simulation results are slower than the actual engine data,
but the EGR flow performs a step change in the simulation,

whereas the engine data is slower. This slight discrepancy
in the EGR flow accounts for the initial error on the charge
flow. When the VGT actuator is stepped from 67% closed
to 100% open, the model does not respond as quickly as
the engine data, but the model does converge to steady state
values very close to the actual engine data. The predictive
capability of the model also extends to the manifold pressure
dynamics, shown in Figure 7. The model accurately predicts
the intake and exhaust manifold pressures as well as the
turbocharger shaft speed. The transient error in the exhaust
manifold pressure is a result of the response time of the
pressure transducer.
VI. C ONCLUSIONS AND F UTURE W ORK
This paper presents a physically motivated reduced order
model of the air handling system of a modern diesel engine,
to be used for control design. Model results have been
compared with corresponding engine test data and the model
satisfactorily demonstrates the ability to closely emulate the
physical response of the engine, during both steady state and
transient operation. This control oriented model is intended
for the development of closed-loop control and estimation
strategy that will ultimately leverage the capabilities of the
variable valve actuation system to explore novel combustion
strategies.
Future work identified includes incorporating a temperature predictive combustion model as well as a physics based
volumetric efficiency model that will also be a function of
intake valve closure time. The engine test-bed measurements
will also be examined for areas of improvement, specifically
high bandwidth pressure transducers for the intake and
exhaust manifold.
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