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ABSTRACT 

Mean value engine models (MVEM) can be considered 
the standard models for hardware-in-the-loop (HIL) test 
systems for engine control units (ECUs). Mainly due to 
stricter environmental regulation, future ECUs for Diesel 
engines will also be equipped with in-cylinder pressure 
sensors. HIL test systems therefore have to provide the 
in-cylinder pressure in real time by means of a corre-
sponding model. The paper describes extensions to an 
MVEM implemented in Simulink in order to calculate the 
in-cylinder pressure and temperature by means of ap-
propriate heat release functions. Some emphasis is 
placed on the comparison of different heat release func-
tions with respect to their applicability in real-time, 
closed-loop simulations. Some first steps in the calibra-
tion/parameterization of the chosen model based on real 
dynamometer measurements, along with a test on a real 
ECU, will complete this contribution. 

INTRODUCTION 

Real-time-capable mean value engine models (MVEM) 
are today well established in hardware-in-the-loop (HIL) 
systems for testing engine control units. These models 
can generate consistent sensor values like engine torque 
and speed, air mass flow, etc., according to the currently 
applied actuator controls, like injection, EGR rate, boost 
pressure control, etc. All sensor values are mean values, 
i. e., they do not reflect the cyclic characteristics of the 
combustion of the individual cylinders, but rather provide 
sensor values as a mean over 720 degrees crank angle.  

In order to further improve fuel economy and emissions 
along with higher power, the next generation of Diesel 
ECUs will be equipped with in-cylinder pressure meas-
urement. The in-cylinder pressure, obtained for example 
by a glow plug-integrated pressure transducer, will be 
used for essential control loops like engine torque control 

and cylinder balancing, and especially for Diesel engine 
controls, to reduce soot and NOx significantly. 

Since the injection pattern has a direct effect on Diesel 
combustion and therefore also on the cylinder pressure, 
MVEMs are no longer sufficient for closed-loop testing of 
the new ECU generation. Precise real-time calculation of 
the cylinder pressure according to the actual injection is 
needed. With this more detailed modeling approach, it is 
also possible to cope efficiently with variable valve tim-
ing, mainly used in gasoline engines, which typically 
could only be done approximately with MVEMs, relying 
on volumetric efficiency tables instead of modeling the 
mass flow through intake/exhaust valves. 

After a short overview of the standard MVEMs, the paper 
describes in detail a Diesel engine model which is used 
in an HIL test system and which provides the cylinder 
pressure and temperature. Different approaches to com-
bustion simulation (heat-release functions) will be dis-
cussed to show how appropriate they are with regard to 
HIL applications and I/O issues. 

The comprehensive Simulink model structure comprising 
air path, turbocharger, EGR, common-rail injection sys-
tem, etc., and implementation on a state-of-the-art real-
time system are described. Special emphasis is placed 
on the interconnection of the ECU to the model and the 
real-time implementation, because sampling rates and 
I/O time delays play a crucial role in numerical stability as 
well as in the overall stability of the HIL simulation. Since 
the efficient parameterization and validation of such a 
model is essential for the HIL application process, the 
last section of the paper deals with model calibration and 
shows a comparison of measured and simulated in-
cylinder values.  
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ENGINE MODEL REQUIREMENTS FOR ECU 
TEST SYSTEM 

Nowadays, a wide range of mathematical approaches 
are used to simulate combustion engines. From simple 
mean value models to rather complex three dimensional 
fluid dynamic analyses, every approach is dedicated to 
its specific field of application. There is a big difference 
between complex models (e.g. GT-Power) and engine 
models for ECU development as proposed in this paper. 
The purpose of the complex models is the development 
and optimization of engines or just parts of them. The 
purpose of engine models as shown in this paper is to 
provide sensor signals for developing or testing ECUs. In 
this way expensive testbench hours could be partly re-
placed with less expensive HIL hours during ECU cali-
bration [21]. 

Simulation models for engine ECU development and test 
application have to fulfill specific requirements. In a typi-
cal test environment the engine model is operated in 
closed-loop mode together with the ECU. The model has 
to generate consistent sensor values for all engine op-
eration points (e.g. static and dynamic behavior, starting 
phase, engine cool-down, etc.) according to the applied 
actuator signals. The engine fault diagnostics should not 
detect any error during a closed loop simulation. For ex-
ample, the cooling water temperature has to decrease 
after the engine has been switched off, as otherwise the 
ECU detects a malfunction of the temperature sensor. 
Another important requirement arises from real-time 
execution, which means that the calculation process has 
to be finished within the simulation step size. Closed loop 
simulation is not possible otherwise. Due to limitations, it 
seems obvious that very complex approaches will not be 
suitable for real-time simulation within the next few years. 
Thus, during the development of engine models for real 
time environments, the calculation load has to be kept in 
mind right from the beginning. 

Models for engine development and ECU development 
do not compete with each other. On the contrary, they 
complement one another. To achieve completely virtual 
development, a complex engine model could be used to 
generate the test bench data of a new engine. This data 
set is then used to calibrate the engine model for the 
ECU development. Therefore, a simultaneous develop-
ment of engine and ECU can be achieved. 

A modular design permits the easy exchange or modifi-
cation of parts of the model. This is an advantage if as a 
result of further development of the ECUs additional 
sensor signals are required. New ECU generations re-
quire the in-cylinder-pressure as an additional sensor 
signal. Engine models for developing and testing these 
ECUs therefore have to provide these signals. 

Another important issue, especially in large test projects, 
is easy calibration of the simulation model. It must be 
possible to change between different engine variants 
very quickly. This imposes tough demands on the 
parameterization process, as it has to be possible to pa-

rameterize the simulation model with standard test bench 
measurement in a short time. Long feasibility studies and 
extensive parameter investigations are not practical for 
serial production projects with a limited time schedule 
and numerous different engine variants.  

Another characteristic of engine models for ECU devel-
opment is that they have to be usable offline on the PC 
and online in the real-time environment. The advantage 
is that the developer does not have to change the devel-
opment environment, and only one model has to be pa-
rameterized. 

INTRODUCTION TO MEAN VALUE ENGINE 

MODELS (MVEM) 

For today’s engine HIL-simulators MVEM are the stan-
dard approach [17][22][23][24][25]. Compared to in-
cylinder models they are less complex but faster to cal-
culate. For current HIL test system a MVEM can gener-
ate all necessary sensor signals and can incorporate all 
actuator signals in a way that a modern engine ECU will 
not detect any malfunction during closed loop operation. 
The next figure shows a connection diagram of a state of 
the art Diesel engine model [28] which can be used for a 
wide range of HIL simulation projects. 

Compressor

Turbine

Wastegate

EGR
Valve

EGR
Cooler

CP1, CP3
Diesel Injector

VTG

EGR

AirPath

TurboCharger

WGTPos

TCn

VTGPos

ThrPos

EGRPos
injq

engn

engTrq

Engine-
Combustion

FuelSystem

Engine-
Cooling

IntakeManifoldThrottleIntercooler

Exhaust-
Manifold

Figure 1: Structure of the MVEM 

The components of the MVEM shown in figure 1 are: 

• Intake manifold, 
• Exhaust manifold, 
• Throttle and intercooler, 
• EGR valve and EGR cooler, 
• Turbocharger, 
• Fuel system and engine cooling system and 
• Engine combustion. 

Most of the governing equations for the different compo-
nents have only minor differences between a MVEM and 
an in-cylinder model (e.g., fuel system, intake manifold, 
etc.). The two major differentiators can be found in the 
combustion model and in the cylinder filling model.  



COMBUSTION SIMULATION 

Instead of a crank-angle-based simulation, the concept 
for a MVEM uses the so-called mean indicated pressure. 
The definition of the mean indicated pressure can be 
seen in the following figure:  
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Figure 2: p-V diagram of an internal combustion engine 

Figure 2 shows a typical p-V diagram for an internal 
combustion engine. The area marked with a plus sign 
can be seen as the high pressure cycle, the second 
area, marked with a minus sign, describes the gas ex-
change cycle. For a MVEM, these two areas are com-
bined to form an equivalent rectangular area defined by 
cylinder displacement and mean indicated pressure. 

- = EngMeanIndp ,

CylV

HPEngMeanIndp ,, GEEngMeanIndp ,,

Figure 3: Definition of the mean indicated pessure 

Under this assumption the thermodynamic cycle work of 
the engine can be calculated with the following equation: 

CylEngMeanIndCyl VpW ,= (1)

Dividing the cycle work by the time for one engine cycle 
the thermodynamic power for one cycle can be calcu-
lated: 
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This thermodynamic power can be set equal to the me-
chanical power  

EngEngMeanInd nTrqP π2,Cyl = . (3)

Finally, a relationship can be found between the internal 
mechanical and the thermodynamic torque with the fol-
lowing equation:  

EngMeanInd

Cyl

EngMeanInd p
Vi

Trq ,,
2π

= (4)

The indicated mean pressure can be calculated from an 
ordinary engine test bench measurement for every en-
gine operation point. In the MVEM these values for dif-
ferent engine operation points are be stored in a map 
depending on the engine speed and the injected fuel 
mass. In order to incorporate further dependencies like 
the injection angle and the actual A/F value two effi-
ciency functions stored in maps are multiplied with the 
mean indicated pressure. The different influences are 
described by the next equation: 
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The indicated mean pressure is retransformed to the 
indicated torque, and the effective mechanical torque is 
derived from it by subtracting the friction torque:
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Finally, it can be stated that a MVEM is characterized by 
a set of equations transforming an ordinary engine test 
bench measurement into a table containing the mean 
indicated pressure. This value describes the combustion 
process for a complete cycle.  

To simulate the engine torque production according to 
the crank angle, an ordinary mean value approach for 
the combustion process as discussed above is not suffi-
cient. This approach calculates a combustion torque 
which remains constant over a complete engine cycle, 
thus no engine speed oscillations due to varying engine 
cycles are simulated. To overcome this drawback the 
mean value method has been extended by a so-called 
form function, which can be seen in the following figure. 



Figure 4: Form function over crank angle 

The form function is positive during the combustion cycle 
and zero for the rest of the engine cycle. The mean indi-
cated pressure is multiplied with this form function  

)( ,,,,,, CylCrankCylEngMeanIndModCylEngMeanInd fpp ϕ⋅= . (7)

This function superimposes the crank angle effect onto 
the standard mean value approach. The form function is 
calculated from a sinus function as shown in figure 4.  

AIRPATH 

The air path simulates the compressor, intercooler, throt-
tle and intake manifold dynamics on the intake side. On 
the exhaust side turbine, exhaust gas recirculation valve 
(EGR), cooler, and exhaust manifold are modeled. 

The turbocharger is modeled as a compressor and tur-
bine, connected to one another via the turbocharger 
shaft.  

The intercooler cools the air flow from compressor ac-
cording to the efficiency and temperature difference be-
tween input and coolant temperature. The throttle is 
modeled as an orifice with a variable cross-section which 
limits the fresh air flow into the intake manifold.

The mass of gas in the intake manifold is calculated from 
mass flow balance and the temperature of the manifold 
from energy balance. The pressure follows from the ideal 
gas equation. 

The same simulation approach is used for the exhaust 
manifold. In difference to the throttle the mixing of fresh 
air with exhaust is calculated. 

The EGR cooler cools the air flow from combustion de-
pending on efficiency and temperature difference be-
tween input and coolant temperature. The EGR is simu-
lated as a valve. The EGR position can increase the air 
flow into the intake manifold. 

The different models can be categorized as three gen-
eral subcomponent models: 

• Accumulator, 
• Valve and  
• Cooler 

These three approaches are discussed in the next chap-
ters. Finally, the implementation of the turbocharger and 
the filling of the cylinder will be discussed. 

Accumulator

The accumulator is modeled as a thermodynamic control 
volume using mass- and energy balances for three com-
ponents i = {air, fuel and exhaust}. 
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Acci
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AccAccAccAcc dHdQdWdU ++= (9)

The next figure shows the input and output values. 
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Figure 5: Input and output values of the accumulator calculation  

Depending on the mass fraction for each component, the 

model calculates the gas constant
AccR , the specific heat 

capacity cv, the specific internal energy u and the specific 
enthalpy h.  

A differential equation for the accumulator temperature 
can be derived from the energy balance: 
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The four parts in the numerator of this equation describe: 

• The work due to volume change AccdW , 

• The heat release and wall heat flow AccdQ , 

• The enthalpy flow over the control volume boundary 

AccdH   



• A term from the definition of the internal energy  

iAcci

i

udm ,∑  for every gas component. 

The accumulator pressure is calculated by the ideal gas 
law, assuming ideal gas behavior.  

Acc

AccAccAcc

Acc
V

TRm
p = (11)

The equations discussed above are used for simulating 
the intake and exhaust manifold in the MVEM as well as 
for describing the combustion chamber in the in-cylinder 
model. 

Valves

This chapter introduces the general concept of a valve 
which was used for modeling the throttle and EGR valve 
in the MVEM. For the in-cylinder model, the concept was 
also applied to the intake and exhaust valve model. The 
following schematic shows a universal orifice with the 
input and output values and the calculated mass and 
enthalpy flows. 

2,

2

2

2

2

i

h

R

T

p

ξ

Valveim ,
&

ValveH&

1,

1

1

1

1

i

h

R

T

p

ξ

ExhaustAirFueli ,,=

Input values

Output values

Figure 6: Input and output values of the valve calculation 

We are assuming an isentropic, adiabatic flow through 
the orifice as the basis for calculating the mass flow.  
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It has to be considered that every valve has a certain 
flow direction defining which values have to be used as 
input for calculating the output values. 

The definition of the flow function Ψ can be seen in 
equation (13). Note that the flow function has a maxi-
mum value at the critical pressure ratio described by 
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creased in an ordinary orifice. The different cases for the 
two flow directions are summarized in the following equa-
tion.   
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Figure 7 shows the flow function for different isentropic 
coefficients.  
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Figure 7: Flow function 

It can be seen that differences between isentropic con-
stants play a minor role in calculating the flow function. A 
fixed isentropic coefficient was therefore chosen. The 
mass flow of the individual components can be calcu-
lated from the individual mass fractions: 

ValveiValveValvei mm ,, ξ&& = (14)

The enthalpy flow can be calculated with the following 
equation:  

ValveValveValve hmH && =  (15)

Cooler

The cooler is modeled using an efficiency which is calcu-
lated from the engine test bench measurement: 
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The efficiencies for the engine operation points are 
stored in a table according to engine speed and injected 
fuel mass.  

Cylinder filling

In a MVEM, the cylinder filling of the engine can be mod-
eled by the idea of a piston pump, using the following 
equation: 

IntManCylEngIdealValve Vnim ρ=,
& (17)

Due to the nonideal behavior of a real engine, a volumet-
ric efficiency coefficient has to be introduced in order to 
incorporate real cylinder mass flow behavior into the pis-
ton pump equation for all engine operation points. The 
volumetric efficiency is defined by the following equation: 
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Using this definition, a map of the volumetric efficiency 
for all engine operation points can be prepared during 
model parameterization. The mass flow into the cylinder 
can be calculated very accurately for all engine operation 
points from this table in combination with the equation for 
an ideal piston pump.  

Turbocharger

Turbochargers are used to compress the air flowing into 
the engine. This increases the amount of air in the cylin-
der per cycle. The turbocharger model is separated into 
three main parts: 

• Compressor, 
• Shaft and 
• Turbine. 

The following figure shows the components and their 
input and output variables. 

CompInp ,

CompOutp ,

TurbOut
p ,

TurbInp ,
Turbm&

Compm&

CompPow

TCn

TurbPow

Compressor

Turbine

Shaft

TurbOutT ,

CompOutT ,

CompInT ,

TurbInT ,

TCCtrl

Figure 8: Structure of the turbocharger model 

Compressor and turbine are coupled by a power balance 
calculating the turbocharger shaft speed 
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The compressor and turbine power are defined by the 
following equations 
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The turbine mass flow and efficiency are contained in 
maps. The turbine pressure ratio is calculated from the 
exhaust manifold pressure and the ambient pressure.

( )TCTurbredTurb CtrlMapm ,, Π=& (22)

( )redTCredTurbTurb nmMap ,, ,&=η (23)

The compression ratio and efficiency for the compressor 
are stored in maps. The mass flow is calculated exter-
nally by the throttle valve. 

( )
redTCredCompComp nmMap ,, ,&=Π (24)

( )
redTCredCompComp nmMap ,, ,&=η (25)

The maps are parameterized with steady-state meas-
urement data supplied by the manufacturer.  

Finally, the compressor model calculates the boost pres-
sure, and the turbine model the exhaust mass flow. The 
turbine mass flow can be controlled either by a variable 
turbine geometry input or by a wastegate valve. 

INTRODUCTION TO CRANK ANGLE BASED 
ENGINE MODELS  

In-cylinder models are more physically based than 
MVEMs. Parameterization is therefore more complex, 
but extrapolation is easier, for example, the variable 
valve timing which is also used to reduce emissions in 
diesel engines [1]. With a MVEM, the effect of the vari-
able valve timing can only be simulated by multiple 
volumetric efficiency maps that require a lot of test bench 
measurements. In an in-cylinder model, only the relation-
ship between camshaft position and valve lift has to be 
adapted. In-cylinder models also provide the in-cylinder 



pressure signal that is needed for future engine man-
agement concepts [2][3][15]. Several simulations prod-
ucts are already available incorporating some of the pre-
sented ideas and equations [38][39][40]. 

NEW MODEL PARTS 

The in-cylinder model (Figure 9) is based on the MVEM. 

Figure 9: Structure of the in-cylinder model  

The new model parts are: 

• Intake and exhaust valves and 
• Combustion chamber with crankshaft dynamics. 

The fuel system of the MVEM also has to be adjusted. It 
consists of: 

• Rail 
• High-pressure pump 
• Pressure control valve 
• Injector 

The injector has to be modified for the in-cylinder model. 
The other modules can be taken from the MVEM. 

SET UP OF THE DIFFERENTIAL EQUATIONS 

There are two ways to set up the differential equations of 
an engine model: time based and crank angle based. 
One advantage of an angle-based equation setup is that 
the heat release approaches described in the literature 
are almost all crank angle based. The objective of ob-
taining the output of the engine model with a fixed crank 
angle step size is also important. The following equation 
gives the relationship between the time step size and the 
crank angle step size. 

dtd ωϕ = (26)

However, a crank angle based engine model has one 
major drawback. At low engine speed the fixed crank 
step size involves a large time step size. This results in 
numerical instability. The extreme case is an engine at 
standstill which cannot be simulated with a crank angle 
based model. Yet this case is essential for simulating the 
starting, stopping and cooling down of the engine. All 

equations are converted to time-based differential equa-
tions. 

INTAKE AND EXHAUST VALVES 

The modeling of the intake and exhaust valves is based 
on the universal valve described in the MVEM chapter. 
The specific of the intake and exhaust valves is the cal-
culation of the cross-section area in equation (27) de-
rived from (12). It is computed from a reference area in 
the valve channel and the flow coefficient µ according to 
[18].  
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The flow coefficient depends on the valve lift and the flow 
direction (Figure 10). Because of the awkward geometry, 
the spilling out is worse than the pouring in. Valve timing 
can be easily simulated by changing the relation between 
camshaft position and valve lift variable. Since the valve 
can be passed through bidirectionally, the internal ex-
haust gas recirculation is modeled correctly. 
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Figure 10: Flow coefficient 

COMBUSTION CHAMBER 

The model of the combustion chamber is based on the 
accumulator equations. Some extensions have to be 
introduced to the equations compared to the intake and 
exhaust manifold. 

Mass Balance

In the mass balance, the combustion reduces the air and 
fuel mass and increases the exhaust mass. The injected 
fuel mass flow also has to be considered: 
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Since the mass calculation for every component (fuel, 
air, exhaust) is done separately and based on continuous 
integration of the mass flow, the residual exhaust gas is 
automatically taken into account. 



Energy Balance

The temperature in the combustion chamber is calcu-
lated in equation (10). 
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The different energy flows taken into account are also 
shown in Figure 11.  
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Figure 11: Energy flows into and out of the combustion chamber 

For the wall heat, the well known approach from Wo-
schni [5] is applied. For the heat release different ap-
proaches are analyzed below. 

HEAT RELEASE FUNCTIONS 

Real combustion is a very complex process. Even 
three-dimensional computational fluid dynamics (CFD) 
approaches describe it only approximately. These mod-
els are inappropriate for real-time-applications due to the 
enormous computing time. In order to simulate the cor-
rect in-cylinder pressure and temperature, it is important 
to use a suitable type of heat release function. Four dif-
ferent approaches to calculating the rate of heat release 
(ROHR) that can be considered for real-time-applications 
are discussed below. 

Shape Functions

A still very popular approach is shown in [6]. This is only 
the most familiar example of a whole group, the shape 
functions. There are many variants as double-Vibe and 
multiple-Vibe. The polygon and hyperbole approaches 
also belong to this group. The shape function determines 
the distribution of the heat release versus crank angle. 
According to [6] the heat release is calculated from: 
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The shape function can be adapted to different engine 

operating points with three parameters vm , CDϕ∆ and 

CSϕ . In [7] it is shown how the parameter can be ex-

trapolated for any operating point from a reference oper-
ating point. Different ignition delay times are taken into 

account by adjusting CSϕ . A possible method of auto-

matic calibration with measurement data is provided in 
[8]. 

Arrhenius-approach

In [9] it is proposed calculating the heat release with the 
approach of Arrhenius. It is based on the fuel concentra-
tion. According to Arrhenius the reaction rate depends on 
the temperature: 
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This reaction rate is applied to the fuel combustion: 
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The change in CO2 concentration is calculated from: 
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And the heat release results from: 
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The Arrhenius parameter Rk  is regarded as dependent 

on the engine operation point to calibrate the model. Phi-
lipp [9] specifies the ignition delay time by 
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Mixing Controlled Combustion (MCC) [10]

Another approach to predicting the heat release as-
sumes mixing controlled combustion. This phenomenol-
ogical model is based on the injection rate and the fuel 
concentration in the combustion chamber. 

Chmela [10] applies the k-ε theory from Magnussen [11] 
in a zero-dimensional combustion model. The result is a 
combustion model based on the idea that the injection-
spray jets produce turbulent energy. This turbulent en-
ergy is the dominant effect for the time behavior of the 
fuel reaction. The kinetic energy has to be introduced in 
advance of calculating the turbulent energy. The kinetic 
energy introduced by the injected fuel mass therefore 
has to be calculated: 
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Afterwards the kinetic energy in the cylinder can be de-
rived from the injected and the dissipated kinetic energy: 
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To calculate the turbulent energy density k, the kinetic 
energy is related to the total mass participating in the 
combustion process. 
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The heat release is computed by: 

3
Cyl

Rate
V

k
c

FueldMo
Fuel emc

dt

dQ
= . (39)

This approach does not take ignition delay into account. 
Lakshinarayanan et al. [12] state that higher temperature 
at the beginning of injection by an increased compress 
ratio reduced the delay period so substantially that the 
delay could be ignored. 

Evaporate Controlled Combustion [13]

Constien [13] shows an evaporate controlled heat re-
lease approach. The injected fuel mass is divided into 

mass fractions per simulation step size kt  by: 
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It is assumed that all drops of the injected fuel mass 
have the Sauter mean diameter defined by the following 
relation: 
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Where the Reynold number and the Weber number are 
defined as: 
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The number of droplets is calculated from the fuel quan-
tity and the droplet diameter derived from the mass frac-
tion per simulation step size: 
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These calculations are made for the currently injected 

fuel mass )(, kInjFuel tm in every step. The number of 

drops of a portion is fixed, only the drop diameter de-
creases due to evaporation. The following calculations 
have to be done separately for every injected fuel portion 
(index m) in every time step (index k). The surface of the 
portion is give by: 
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The vaporized fuel mass depends on this surface, the 
cylinder pressure and the current drop diameter: 
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Consequently the fuel mass of the drops decreases. 
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The new drop diameter is computed from: 
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The ignition delay is calculated according to [14]:
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For each evaporated fuel portion, the simulation model 
calculates whether the time difference between the ac-
tual simulation time and the time at which the individual 
fuel portion was injected is smaller than the actual igni-
tion delay. In this case the portion is completely burned. 
The heat release can be calculated from: 
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Injection capture with HIL Simulators

For closed–loop-testing of an ECU, its injection signals 
have to be taken in account in the engine model. In gen-
eral there are two ways of capturing the injection signals 
from an ECU at an HIL test bench. These are the win-
dow-based and the continuous injection signal meas-
urement [30], [29].  

Window-based injection measurement is shown in 
Figure 12. The rising edges and the durations of the in-
jection signal are captured in a predefined event capture 
window. At the end of the event capture window, the new 
measurement data is provided to the model. The injec-
tion quantity is computed from the duration of the injec-
tion pulses by means of a map. The output is the total 
injected fuel quantity, which is needed for the MVEM or 
the shape functions. 

540° 720°/0°

signal pi
lo

t i
nj

ec
tio

n
1

pi
lo

t i
nj

ec
tio

n
2

m
ai

n
in

je
ct

io
n

update
measurement date
at the output of the

I/O Bord

][°ϕ

event capture
window

Figure 12: Window-based injectiion capture 

Figure 13 shows continuous injection capture. The state 
and the value are read from the I/O board in each time 
step. While the injection signal lasts the state is “1” and 
the value returns the position of the rising edge. Other-
wise the state is “0” and the value returns the duration of 
the last injection signal. The fuel flow into the combustion 
chamber is calculated from these signals. Only standard 
ECU parameters are needed for parameterizing this 
model part. Continuous injection capture is the appropri-
ate method for heat release calculation according to Ar-
rhenius, Chmela, and Constien. 
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Figure 13: Continuous injection capture 

Qualification for the HIL-application

In general, shape functions offer the advantage of ap-
proximating every ROHR by using different shape func-
tion variants. They also involve low computation effort. 
The model input variable is the total injected fuel quantity 
per cycle, which is a possible reason for implementation 
problems, especially in real-time simulation environ-
ments. The measurement of the total injected fuel mass 
of the current cycle cannot be completed before the 
combustion process itself begins (Figure 14). Using the 
injected mass of the previous cycle cannot solve this 
problem because the idle speed control will become un-
stable due to the delay of a complete engine cycle. Thus, 
shape functions are inappropriate for HIL simulations of 
diesel engines. 
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Figure 14: Typical rate of injection and rate of heat release 

The Arrhenius approach is based on the fuel concentra-
tion in the combustion chamber. The literature [6] states 
that the Arrhenius approach is basically only applicable 
to bimolecular reactions. However, diesel combustion is 
a typical chain reaction. To overcome this apparent 
drawback, the Arrhenius parameter is calculated accord-
ing to operating point. Because there is only a single pa-
rameter, the adaptation possibilities are limited. 

The approach from Chmela [10] is based on fuel concen-
tration and turbulent energy density in the combustion 
chamber. It offers three independent parameters and in 
this regard more possibilities for adaptation to test bench 
data. Bargende [15] shows that it might be impossible to 
find appropriate parameters that are applicable to all en-



gine operating points. The parameters must therefore be 
considered operating-point-dependent. 

The literature includes several modifications. Lakshina-
rayanan et al. [12] expands the model in such a way that 
the impact of spray on the wall can be considered. Pirker  
[20] and Barba [15] discuss modifications that take partly 
premixed combustion into account.  

Constiens [13] model is based on evaporation. Because 
fuel mass is discretized in portions, the computation ef-
fort is higher. However, it is possible to use this approach 
for real-time simulation [16].  

The shape functions are inappropriate for HIL simulation. 
The computation effort of Constiens approach [13] is 
problematic for real-time applications. The Chmela [10] 
and the Arrhenius approaches are therefore analyzed 
and compared with test bench data. According to Lak-
shinarayanan et al. [12] the ignition delay is also ne-
glected in the Arrhenius approach. 

REAL-TIME IMPLEMENTATION 

The model equations were implemented with 
MATLAB®/Simulink® from The MathWorks. As a basis 
for implementing the in-cylinder models, the MVEM die-
sel engine simulation package from dSPACE’s product 
family Automotive Simulation Models (ASM) was used. 
The package is an open Simulink model for the real-time 
simulation of turbocharged diesel engines and is spe-
cially designed for the hardware-in-the-loop testing of 
ECUs – as well as for the controller design phase. Since 
the diesel engine simulation package is an open Simu-
link model, additional components can be added and 
existing models can be replaced very easily. Existing 
engine components like turbocharger, throttles, etc., and 
also models for longitudinal drivetrain and environment 
devices (e.g. driver models), ensure a good starting point 
for developing more sophisticated models as presented 
in this paper.  

Mean value Diesel engine models as discussed in the 
first section of this paper (e.g., with 6 cylinders, EGR, 
turbocharger, common-rail injection system and diverse 
auxiliary models) can be executed on a state-of-the-art 
HIL system (e.g. dSPACE DS1006, 2.6°GHz) with a 
sample rate of 1 ms and simple Euler integration. The 
execution time is about 65 µs, i.e. only a 6.5 % processor 
load. 

Due to numerical reasons even for MVEMs a sample 
rate of 1 ms is often not sufficient for a numerical stable 
integration of the mass flow through the engine. Espe-
cially for smaller manifold volumes the models gets a stiff 
behaviour. Therefore an oversampling of these parts has 
been implemented by using a “for-iterator” subsystem 
and a special integration block. With about ten interme-
diate integration steps typical systems can be handled. 

For a 4-cylinder crank-based engine model, it is useful to 
separate the auxiliary model components from the core 

engine model because the core model needs a higher 
sample rate for numerically stable integration and to get 
a sufficient cylinder pressure resolution. Due to the small 
step size and the complex model, the model implemen-
tation must be optimized to reduce the computation ef-
fort. A deliberate model structure helps to avoid duplicate 
computations. Trigonometric functions and power func-
tions have been avoided because they take huge compu-
tation effort. Sampling the engine model at a rate of 
100 µs, while the auxiliary models just run at 1 ms pro-
vides the cylinder pressure with a resolution of 0.6° or 
3.6° crank angle for 1000 rpm and 6000 rpm respec-
tively. On a 2.6 GHz DS1006 real-time processor board, 
the execution time of the 100 µs-task is about 55 µs. In-
cluding the auxiliary models this leads to a total proces-
sor load of about 70 %. 

Using specialized I/O hardware, it is also possible to in-
tegrate the model on a "pseudo" crank-angle basis. Us-
ing a crank-angle equidistant HW-interrupt, the model 
evaluation is done with a constant crank angle step size 
(e.g. one or two degrees). The time-based differential 
equations are implemented in Simulink (HW-triggered) 
subsystem which uses a special variable time step inte-
grator. The actual time step of the integrator is calculated 
by dividing the constant crank angle step by the engine 
speed for each integration step. For high (> 4000 rpm) 
and low (< 1700 rpm) engine speeds, this approach re-
sults in very small (not real-time capable) or very big 
(numerically unstable) equivalent integration "time" 
steps. Therefore, a mechanism has to be established to 
switch back to constant time-step integration in these 
operating phases. Since this effort is normally not justi-
fied by the benefits of the crank-based integration 
scheme the majority models today use a constant time 
based integration. 

Since ECUs using in-cylinder pressure sensors, typically 
calculate the MFB50 (50% mass fraction burned) as a 
"mean" value for control purposes, the above mentioned 
crank angle resolution should be sufficient. If a higher 
resolution is required, e.g., because a precise peak 
pressure has to be simulated, the model can be run on 
two real-time processors to speed up the calculation. 

Since today, a 6-cylinder in-cylinder model was success-
fully tested in closed-loop operation on an HIL system 
with a mass production ECU, a BOSCH EDC 16 

MODEL CALIBRATION 

For the MVEM, a standard parameterization process is 
available and established in numerous HIL projects. At 
the beginning of an HIL project, a set of parameters and 
test bench measurements is gathered from the cus-
tomer. Some parameters can be used directly without 
further calculation (e.g., number of cylinders, engine dis-
placement, etc.), other parameters need to be calculated 
from the test bench measurements, e.g., the mean indi-
cated pressure. Finally, a set of parameters characteriz-
ing the simulation model is produced in such a way that 
the test bench measurements can be reproduced. The 



process itself is straightforward, which means that model 
parameter can be calculated by input data without an 
optimization loop.  

This widely accepted approach has to be extended for in-
cylinder models. Many parameters can be calculated in 
the same way as for the MVEM, but an extended param-
eterization process is necessary for the filling and empt-
ing of the cylinder and for the combustion process itself. 
It seems obvious that the well-known, straightforward 
approach established for the MVEM is not transferable to 
the parameterization of in-cylinder models. Due to the 
transient model behavior, a parameterization process for 
in-cylinder models will rely on a combination of simula-
tion and parameter optimization. 

The next figure presents a brief sketch of such a proc-
ess. The following ideas rely mainly on the investigations 
presented in [19]. 
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Figure 15: Parameterization process 

In principal the process can be divided into two sepa-
rated steps  

• Measurement data preparation and 
• Iterative parameter search. 

The first step of this process, measurement data prepa-
ration, aims to calculate a heat release function from the 
in-cylinder pressure measurement and standard engine 
test bench measurement data. With this initial step the 
integral value cylinder pressure including the wall heat 
flux, the work due to volume change and the enthalpy 
flow from the different input and output masses could be 
reduced to the heat release function. After transforming 
the pressure measurements to a heat release curve the 
second step of the parameterization process - iterative 
parameter search - can be initiated. With a set of initial 

parameters for a specific combustion model an optimiza-
tion algorithm starts to simulate the combustion process. 
As a result a heat release curve is generated. Comparing 
this simulated heat release with the one from the ther-
modynamic analysis a characteristic error (e.g. least 
square error) can be calculated feeding as input value for 
the optimization process. Therefore, the automatic proc-
ess generates combustion function parameter for all en-
gine operating points.  

The presented parameterization process is currently un-
der development. It seems obvious that without such a 
process the parameterization effort for in-cylinder models 
will be very time consuming. Today’s HIL projects with its 
numerous engine variants are often characterized by a 
tough time schedule. With today’s MVEM a nearly auto-
mated parameterization is already available. Since in-
cylinder models require more effort for model calibration, 
also here, an automated process as presented is man-
datory for the prosperity and acceptance of in-cylinder 
models in real-time applications and engine controller 
test systems.  

SIMULATION RESULTS 

For the simulation of the in-cylinder pressure, it is impor-
tant that the peak pressure value and peak pressure po-
sition correspond as closely as possible to the meas-
urement data. In addition, the engine power should 
agree.  

Table 1 below compares simulation results for the in-
cylinder pressure with the Chmela and Arrhenius ap-
proaches with measurement data at four different engine 
operation points. The four combustion parameters of the 
Chmela approach and the single one of the Arrhenius 
parameter were optimized for each engine operation 
point. Further, the wall temperature is adjusted for every 
engine operation point. This is necessary because only 
with the correct wall heat loss a correct in-cylinder pres-
sure can be simulated, especially in the compression 
phase. The optimum parameter value of the wall tem-
perature, which results in a minimum deviation between 
measured and simulated in-cylinder pressure, is different 
for the Chmela and the Arrhenius approach. A more de-
tailed analysis yields that the variation of the parameter is 
smaller in the Chemla approach than in the approach 
based on Arrhenius. For initial rough calibration of the 
model, it would appear possible to regard them as con-
stants. The Arrhenius parameter varied over a wide 
range. Examinations with different engines have to show 
to what extent the calibration for one engine can be re-
used for another. 



Table 1: Parameters of ROHR models at different setpoints 

Chmela: 

 1250rpm 
low load 

1250rpm 
high load 

3000rpm 
low load 

3000rpm 
high load 

cDiss 0.1 0.1 0.1 0.1 

cTurb 0.2 0.2 0.2 0.2 

cRate 0.0009 0.00115 0.0009 0.0014 

cmod 12.0 e9 15.5 e9 13.0 e9 14.5e9 

TWall 500 K 670 K 600 K 880 K 

Arrhenius 

 1250rpm 
low load 

1250rpm 
high load 

3000rpm 
low load 

3000rpm 
high load 

KArrh 14.8 e6 2.85 e6 6.7 e6 2.6 e6 

TWall 420 K 800 K 600 K 880 K 

Figure 16 shows the comparison of the in-cylinder pres-
sure characteristic at low engine speed and low load. 
Though it is obvious that at this operation point the igni-
tion delay cannot be neglected, the peak pressure is al-
most simulated correctly. 
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Figure 16: Comparison at low load and low speed 

The comparison in Figure 17, at low speed and high 
load, shows that simulation results for peak pressure 
agree well with the measurement. The effect of the igni-
tion delay is still visible but can be neglected. In the ex-
pansion phase, the simulated pressures are too low. This 
effect is greater with the Arrhenius approach than with 
the Chmela approach. 
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Figure 17: Comparison at high load and low speed

Figure 18 shows the comparison at low load and high 
speed. Both approaches show deviations in the simu-
lated peak pressure. At this operation point the ignition 
delay has to be taken into consideration. Again, the Ar-
rhenius approach simulated too-low pressures in the ex-
pansion. 
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Figure 18: Comparison at low load and high speed

At high load and high speed (Figure 19), the simulated 
peak pressure agrees with the measurement. However, 
in the expansion phase the simulated pressure is again 
too low, especially with the Arrhenius approach. 
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Figure 19: Comparison at high load and high speed

The simulated and measured engine power is given in 
Table 2. 

Table 2: Comparison of the power 

 1250rpm
low load 

1250rpm
high load

3000rpm
low load 

3000rpm
high load

Measured 9.3 kW 23.5 kW 15 kW 56.4 kW 

Chmela 9.0 kW 21.2 kW 16 kW 48.3 kW 

Arrhenius 8.3 kW 19.0 kW 10.0 kW 41.1 kW 

The Arrhenius approach tends to result in a too-low en-
gine power. This is a result of the too-low in-cylinder 
pressure in the expansion. As a result of the piston 
kinematics, the pressure in the area of top dead center 
has only a small effect on the generated power. The 
pressure 90° after top dead center has the greatest ef-
fect.  

The impact of the Arrhenius parameter on the expansion 
pressure is low compared to the influence on the peak 
pressure. Thus, a better approximation of the generated 
engine power results in a worse approximation of the 
peak pressure. During the development phase and the 
investigations for the modeling approaches presented in 
this paper, it seems to be difficult to rely on the gener-
ated engine power for calibrating the Arrhenius model 
[9].  

The peak pressure and the peak pressure position can 
be correctly simulated with both approaches. With the 
Arrhenius approach it is more difficult to generate the 
appropriate engine power. To simulate the correct in-
cylinder characteristic, the model must be enhanced by 
taking the ignition delay into regard. 

CONCLUSION AND OUTLOOK 

Due to the continuously growing demand on pollutant 
exhaust gas reduction and the steadily growing pressure 
to improve engine fuel consumption a further refinement 
of engine and electronic engine (combustion) controller 
can certainly be expected in the future. In parallel the 
enabling technologies like improved micromechanics, 
sensor technology and higher processing power at  
reasonable cost, will lead to new demands on the HIL 
technology. 

These necessities have an important impact onto the 
required models for development and test of modern 
engine control systems. The paper gives an overview 
about the well know MVEM approach and leads over to a 
more sophisticated in-cylinder model. Special emphasis 
is placed on the identical basic equations, e.g. accumula-
tors and valves, in both approaches. The modular setup 
of the model enables easy exchange of different subsys-
tems. This allows fast implementation and test of new 
modeling approaches like different heat release func-
tions or wall heat flux models. Three different heat re-
lease functions are discussed. During closed loop opera-
tion of in-cylinder model and engine control system par-
ticular demands with regards to I/O connection have to 
be fulfilled. Solutions like continuous injection measure-
ment and local oversampling are presented. 

Comparison between simulation results and in-cylinder 
pressure measurement curves show good correlations. 
But especially during low load engine operation points 
the lack of an ignition delay model is obvious. This will be 
regarded in future versions.  

The biggest challenge in applying these advanced mod-
els in HIL test systems is the automatic model calibra-
tion. On the one hand a recursive parameterization proc-
ess is necessary for in-cylinder models as discussed in 
[19]. On the other hand the scheduled time for model 
calibration in today’s ECU test system projects is limited. 
Therefore, a fast parameterization technique is manda-
tory to achieve good closed loop behaviour in a reason-
able project time. 

From the authors point of view in-cylinder models will 
replace the MVEM for HIL testing in the future. Additional 
sensor information like in-cylinder pressure has to be 
provided for ECU test systems to satisfy state-of-the-art 
engine control units. Moreover new actuators (e.g. vari-
able valve train, multiple injection pulses, variable turbine 
geometry, etc.) increase the number of physical degrees 
of freedom in combustion engines. Physical based mod-
els promise the ability to simulate a reasonable system 
behavior without the precondition of numerous test 
bench measurements.  
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DEFINITIONS, ACRONYMS, ABBREVIATIONS 

MVEM:  Mean value engine model

ECU:  Engine control unit

EGR Exhaust gas recirculation 

ROHR:  Rate of heat Release

CFD:  Computational Fluid Dynamics

VTG  Variable Turbine Geometry

VVT  Variable Valve Timing

DEFINITIONS 

λ Lambda value 
η Efficiency 

λη Efficiency function depending on 
lambda value 

Injη Efficiency function depending on 
injection angle 

ϕ Crank angle 

Ψ Flow function 
κ Isentropic coefficient 
ξ Mass fraction 

Π Pressure ratio 
ρ Gas density 

Fuelσ Fuel surface tension 

ω Engine speed 
µ Discharge coefficient  
ν Specific volume 
  
A Cross section 

vc Specific heat capacity at constant 
volume 

pc Specific heat capacity at constant 
pressure 

Dissc Diffusion constant 

dMoc Modell constant 

Ratec Mixing rate 

Turbc Conversion constant for turbulent 
kinetic energy 

C Vibe constant (C = 6.908) 

Ctrl Control signal 

d Diameter 

E Energy 

AE Activation energy 

h Specific enthalpy 

H Enthalpy 
i Factor for a four stroke (i = 0.5) or 

two stroke (i = 1) engine 
J Inertia Turbocharger 

Rk Reaction rate 

Valvel Valve lift 

StL Stoechiometric constant 

m Mass 
n Shaft speed 

Trn Number of injected fuel droplets 

p Pressure 

P Cylinder power 
q Specific heat 

CylInjq ,
Injected fuel volume per cylinder 



Q Heat 

LHVQ Lower heating value 

eR Reynolds number 

R Specific gas constant  
t time 
T Temperature 

Trq Torque 

u Specific internal energy 
U Internal energy 

V Volume 

We Weber number 

W Work 

SUBSCRIPTS 

Acc Accumulator 
Burned Burned 
CD Combustion duration 
Comp Compressor 
Crank Crankshaft 
CS Combustion start 
Cycl Engine cycle 
Cyl Cylinder 
Diff Diffusion 

Diss Dissipation 
Eng Engine 
evap evapurated 
Fuel Fuel 
i Index of gas components (fuel, air, 

exhaust) 
ID Ignition delay 
Ideal Nominal value without efficency 

factor influences 
In Input value 
Inj Injection 
InMan Intake manifold 
InValve Inlet valve 
is  isentropic 
Kin kinetic 
Mean Mean value 
MeanInd Mean indicated 
Mod Mdoulated 
N Injector nozzle 
Out Output value 
Red Reduced values 
s Sauter 
TC Turbocharger 
Turb Turbine 
vol volumetric 


