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Utilizing Model-Based Calibration to 
Advance Powertrain Development 

ABSTRACT 

The process goals for designing a modern powertrain in a short time span are demanding and somewhat conflicting. 
Faced with a 36 month development timing schedule from concept to SOP, it becomes imperative that all unnecessary 
design loops have to be eliminated. Experimental development work now has to be completed more efficiently that ever 
before. 

Recently, the methods employed to create an efficient design process have been successfully applied. Individuals 
involved with testing and vehicle application development can benefit from methods that are model-based. Current 
models that have a variety of detail are able to vastly improve during almost every phase of the development cycle. The 
efficient and comprehensive development methods are also essential in dealing with growing complexity.  These methods 
are supported by standardized and automated test benches and vehicle procedures. 

This study focuses on the use of a model-based calibration process that is a primary element in constantly reducing the 
time required for powertain development. 

INTRODUCTION 

Constant reductions to the design phases for new vehicles and powertrains are being witnessed. A significant factor in 
achieving that goal is through the use of model-based approaches for developing concepts, components and calibration 
tasks. A more complete understanding of the attributes of the prototype can be realized with a detailed simulation than 
through experiments [1], [2], [3], [5]. This permits a reduction in the quantity of iterations that are run. However, a reliance 
on results provided by simulation, without validation of the results through experimentation, can pose significant risks. 
This risk is present because simulation models frequently include mathematical and/or experiential subsystems that may 
not be valid for every case. Therefore, an experimental method that runs parallel and interactive development programs 
as well as virtual support is vital. 

Typically, powertrain control calibration is supported by experimental analyses. Reductions in development periods 
combined with increasing complexity, due to additional degrees of freedom, are causing added problems. A limited 
number of components and prototypes are typically obtainable to run experimental development tests. Parts and even 
whole assemblies are developed or changed in very late stages of the cycle. Therefore, it becomes increasingly difficult to 
transfer the acquired results to the new system. Tests may require repeating because of these late changes, resulting in a 
delay in the calibration process and increased expenses. 

A conflict is created between the inadequate availability of prototypes and timing constraints as opposed to the increasing 
intricacy of systems. New technology that may have to be accounted for includes variable valvetrains and boosting 
systems to influence the power output of an engine, boosting itself, direct injection for gasoline engines, multiple injection 
for diesel engines, exhaust gas recirculation, regeneration of NOx adsorber catalysts, particulate filters as well as the 
monitoring and purging of activated carbon filters. Additional requirements to meet increasingly stringent emission 
requirements and diagnostic functions for all emission-relevant parts have to be developed and calibrated. 

Traditional methods of design that strictly used experimentation devoured a great deal of time, which contrasts with the 
desire to reduce the periods of development. The shift to methods that utilize model-based tools ultimately saves time 
during the design and calibration cycles. The issues of increased vehicle complexity and reduced development periods 
can be solved through the implementation of simulation tools and calibration into the early development stages. Using 
data obtained from existing calculations can be useful in creating a new calibration. Control engineers, using virtual 
integration for powertrain components, can develop and estimate control strategies. When portions of the model do not 
conform to the results of the tests, they can be modified and numerically adapted to the experiment. 

In addition, numerical models for the engine’s emission behavior can assist in selecting the parameters and break points 
of the engine management system. This will guarantee a robust behavior of the engine over its entire life cycle. Aging 
emission components, for example, should not produce higher emissions from the engine or influence vehicle drivability. 
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The addition of sensors can control these influences, first in the virtual setting and then in reality, which closes the control 
loop. 

This study outlines an advanced calibration process through diesel and gasoline test bench tasks as well as vehicle 
calibration tasks. A prediction is also provided for the future of powertrain development using model-based calibrations. 

DEVELOPMENT OF ADVANCED CALIBRATION METHODS 

The earlier simulation methods can be integrated into the development process, the bigger their benefit will be. With 
regard to virtual calibration this means to utilize it right after defining the control relevant hardware during the concept 
phase of the new powertrain. Detailed model calculations allow to define necessary components (e.g. switching ports, 
variable valvetrain, exhaust gas aftertreatment, etc.) to reach the desired targets. Results gained from these simulations 
are highly reliable since the models used are mainly based on first principle equations combined with approved empirical 
approaches. The computational effort of these models is fairly high but is no matter of concern and accepted during this 
phase. 

Calculation models used to gain information on thermodynamics, thermal management, mechanics and acoustics within 
this phase also provide valuable information on control relevant issues like e.g. dynamic behavior within the intake 
system, settling times of the valvetrain, pulsation behavior through HFM-sensors. Using this information, initial decisions 
can be made concerning the necessary control structures and their development. 

 
Figure 1:  Support of Different Phases of Calibration Projects 

In addition, it is also necessary to support all further steps concerning base calibration up to OBD-calibration (see Figure 
1). For these steps it is necessary to deliver methods which are capable to decouple calibration tasks as far as possible 
from the hardware while providing possible solutions also as fast as possible with the least amount of experiments 
possible. 

Therefore, an environment called TOPexpert (see Figure 2) which combines the methods with their realization both on the 
test bench as well as in specific vehicle tools was established [4]. This ensures a similar “look and feel” of all methods 
developed to ease introduction of new methods and to ensure high acceptance of calibration engineers. 

 
Figure 2:  TOPexpert 
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The calibration methods themselves are divided into three major fields presented by the three columns in Figure 3. The 
first column representing the “Standards” delivers procedures for simple calibration tasks covering things like criteria to 
ensure the stability of measurement for both gasoline and diesel engines, definitions how to perform simple sweeps 
(EGR, boost pressure, spark-sweeps, knock detection, etc.) as well as definition of several processes (cold start 
measurement, check of indication systems, check of top dead center, etc.) [6]. These standards ensure quality and 
reproducibility and provide a well structured knowledge base. To enforce this, these standards are centrally available 
within an intranet and are mandatory to use in all projects unless a different approach is required. But even in that case all 
deviations from the standard should be documented to ensure reproducibility of all results. 

 
Figure 3:  Primary Calibration Methods 

The second column represents more complex calibration tasks covered most of the time utilizing various model based 
approaches using simple polynomial models over neural networks up to physical models if the computational effort is not 
too high. 

The third column entails vehicle tools to support calibration engineers in their daily vehicle calibration work. These tools 
are up to now mainly offline tools covering calibration tasks with either high demands on hardware or the necessity to 
gather and evaluate large amounts of data.  

MODEL BASED CALIBRATION PROCESS 

To support especially model based test bench procedures a general process (Figure 4) has been set up to provide all 
parties involved into this process with defined interfaces and guidelines through all necessary steps. 

This starts with the technical specification leading to a first test planning specifying all necessary results, the models used 
and the test domain. If necessary a first test is then performed on the test bench to check the engine limits and approve 
the first test domain. These results can also be achieved by experience in many cases. 

The next step is to set up the whole measuring program consisting of all points necessary to calculate the models 
needed. These points can be obtained easily using Design of Experiments (DoE). To ensure proper results further points 
are added for validation purposes to calibrate and purge the emission measurement equipment to clean the engine to 
provide information about drift and measurement noise and so on. These additional points are very important to ensure 
the quality of the measurements and hence the quality of the models. 

During the following (mainly) fully automated measuring procedure an online monitoring is performed which guarantees 
that all points measured are reliable and meet the defined stability criteria. These criteria consist (e.g. for diesel engines) 
of 26 different criteria derived from physics and statistics in three categories covering engine, test bench and engine 
management system specific requirements. 

The next important step deals with the validation of the measured data. In addition to the stability criteria several 
additional statistical and physical criteria have to be checked supporting the engineer to decide upon the plausibility of the 
measurements. Some of the criteria make use of the additional points of the measuring plan mentioned above. Online 
monitoring and measurement validation together ensure the quality of measurements needed for the modeling and 
optimization steps to follow. 

Once the model accuracy has proven to be sufficient, the optimization step as the core step of the procedure can be 
undertaken. The optimization problem is defined with the help of a cost function including boundaries. Within the cost 
function, every deviation from the desired target value will be punished with a weighted scalar value. Additionally, 
restrictions like hard constraints (e.g. NOx emissions within a cycle) or restrictions to gradients (e.g. to ensure drivability) 
can be introduced by means of boundary constraints. Using these cost functions it is for example possible to minimize 
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fuel consumption while keeping the emission levels within the legislative boundaries. This can be performed for isolated 
points as well as for the entire engine map if appropriate models are available. 

The robustness of optima found is another important issue to be checked before validating the results on the test bench 
or on the vehicle. Again the checks are supported with statistical criteria and their graphical representation. 

 
Figure 4:  Model-Based Calibration Process 

Derived from this general process (Figure 4) several specific processes e.g. to calibrate injection duration maps, torque 
maps and so on have been derived, covering nearly the same steps, but not necessarily all of them. The similar structure 
of these processes increases the acceptance for new processes among the engineers and technicians involved. 

CAE AND TEST BENCH METHODS 

During the engine development process methodologies for engine design and calibration reduce project duration, cost, 
and help to achieve the development targets. Knowing the potential of different technologies and the possible issues 
related to a smooth implementation for high-volume production is a significant decision making aid in selecting future 
strategies. Based on benchmark programs and prototype engine development the necessary data can be provided. In 
combination with CAE methodologies (Figure 55) a pre-optimized state of the engine can be generated in an early project 
phase, especially for new and complex combustion systems. 

A first step in gasoline engine combustion development is starting an analysis of the gas exchange process. Based on 
this calculation model for the engine the design of the intake and exhaust gas system can be generated. Also a first 
determination of the engine power output and torque behavior is possible. In parallel the intake and exhaust port 
development is done with fully parametrical 3D-CAD-templates. These templates reduce the number of design 
parameters as much as possible to simplify automatic meshing and optimization procedures. Starting from fixed 
dimensions and predefined guidelines for example the valve and port diameters can be derived. The generated CAD port 
model is the base for meshing and prototyping. A following 3D flow analysis (CFD) calculates the in-cylinder charge 
movement and provides detailed flow characteristics. For diesel engines the flow characteristics of the in-bowl swirl can 
be established. Particularly the results of the CFD calculation of intake flow, injection and combustion result in a better 
understanding of engine phenomena caused by the three-dimensional nature of the flow. The CAE development also 
integrates the flow characteristics in the intake manifold and the interaction between intake manifold, port design, in-
cylinder charge movement and combustion.  

The methodology for engine calibration depends strongly on the combustion process (Figure 55). For the diesel engine 
the calibration is focused on the emissions. A global calibration strategy based on all operating points which occur in the 
MVEG cycle has to be used. For the gasoline engine the emission calibration is done by reducing the engine raw 
emissions up to catalyst light-off in parallel to shortening the catalyst light-off time. The fuel consumption optimization at 
part load and warm engine operation can be performed with local map point related calibration methods.  
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Figure 5:  CAE Analysis and Optimization for Gasoline Engine Development 

Applying a model-based calibration process using test planning with DoE, modeling of the measurement results and 
automated test bench operation leads to the following advantages: 

• Efficient use of the test bench resources regarding time and cost. 
• Acknowledgment of complex engine behavior depending on all engine variability’s in their multi dimensional operating 

range. 
• Offline desktop calibration of operating points and engine maps without using test bench resources considering 

defined conditions.  
• A posteriori changing of the calibration parameters using the determined models without necessity of repeated 

measurements.  
 
TEST BENCH DIESEL 

An example for the specific processes is the method for the MVEG emission calibration of diesel passenger cars. It 
follows the general process structure, and relies on DoE and emission modeling. 

The basic idea behind this calibration method is that the result of the calibration effort should be the optimized engine 
management system maps of the parameters to be optimized and not an optimized calibration in single operating points. 

Following this idea, the optimization of all engine management system maps is carried out based on full load, idle, the 14 
most relevant operating points for the MVEG emission cycle and a number of additional reference points, as shown in 
Figure6. 
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Figure 6:  Base Points for Emission Map Optimization 

As a first step during the optimization process, the DoE models are determined in all 14 points and idle. These models are 
combined to predict the MVEG emission result. The engine management system maps are numerically optimized using 
three kinds of criteria: 

• Emissions, including noise and fuel consumption 
• Precision of maps regarding full load calibration and calibration of additional reference points 
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• Smoothness of maps 

The output of the optimization process are the engine management system maps which can be saved into a file (.CSV, 
.DCM) for direct integration in the calibration file (.HEX, .S19). 

An example of a resulting map, in this case the air mass flow map, is shown in Figure7. 

 
Figure 7:  Air Mass Flow Map 

The validation process consists of two steps. First the validation of the found optima in all reference points (idle, 14 points, 
full load and additional points) is performed on an engine test bench. In the second step, an emission test is carried out 
on a chassis dynamometer. Figure8 shows the comparison in NOx and particulates between the predicted emissions in 
the MVEG cycle by the optimization tool, and the measured emissions on the chassis dynamometer. 

 
Figure 8:  Comparison Vehicle Emission vs. Prediction 

The main advantage of this calibration and optimization process is that it is a straight-forward method to achieve the 
desired result, i.e. optimized engine management system maps and reaching the project targets. It allows also an easy 
comparison between different compromises, e.g. noise vs. fuel consumption. 

In case a large number of parameters (maps) need to be optimized, it is possible to use a step-by-step procedure, 
optimizing only a limited number of parameters (max. six or seven) during each step. 

TEST BENCH GASOLINE 

The technical objectives for future passenger car gasoline powertrains will be defined in the trade-off between reduced 
greenhouse gas emission, fuel consumption and increased specific torque and power output. The key technology to solve 
this trade-off is the variable engine, which can adapt to the specific requirement of the actual driving condition and driver 
command combined with an overall optimized efficiency, e.g. variable valvetrain, gasoline direct injection, turbocharging, 
variable compression ratio, etc. The increased number of adjustment parameters will enlarge the calibration effort in the 
test bench drastically. 

The calibration tasks related to gasoline engines are illustrated in Figure9. 
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Figure 9:  Model -Based Calibration Tasks for Gasoline Engines on a Test Bench 

Model-based calibration methods can be used as well during early combustion process development for the powertrain 
calibration of the vehicle. In the combustion development phase, the calibration task is mostly defined by parameter 
optimization to determine the potential e.g. for the fuel consumption reduction of the engine variables related to a constant 
engine operating point for engine speed and cylinder charge.  

For the design of the test plans, the engine behavior must be known in principle. This can be covered by basic knowledge 
of an experienced engineer or by pre-testing. Within first tests, the adjustment range of the engine parameters has to be 
determined for which a stable combustion process is ensured. Therefore, in a multi-dimensional parameter environment a 
methodological approach for parameter variation is used until critical limitations, e.g. knock limitation, exhaust gas 
temperature or combustion stability, are reached. With the knowledge of these borderlines, a first impression of the grade 
of influence of each parameter can be evaluated and the test plan to build the model can be further isolated to the 
expected optimum. Influencing factors with low or no gradient can be excluded to simplify the test plan and reduce the 
testing time. 

The design of the test plan to optimize an engine operation point depends mainly on the engine behavior. The test plan 
must be adapted closely to the explicit case. In case of part load operation with internal EGR applying intake and exhaust 
camshaft phaser, the optimum for fuel consumption is almost positioned near the area of deteriorating combustion 
stability, resulting in two consequences. First, the optimum is near the border of the test environment, where the accuracy 
of an oversized test plan is reduced. Second, the gradient of fuel consumption is non-uniformly distributed in the test 
environment, as identified in Figure0. 

 
Figure 10:  Fuel Consumption Model for Gasoline Part Load Operation 

Based on the results of stationary test bench investigations in specific characteristic map points different technologies can 
be evaluated with vehicle simulation models. Within these models it is possible to determine the total vehicle fuel 
consumption in characteristic driving cycles like NEDC, but also for customer representative driving cycles. This approach 
enables to evaluate the potential of new gasoline engine and powertrain concepts for different vehicles and sales markets 
with different real time driving characteristics. A measured fuel consumption input map is needed. This map is calculated 
based on a fuel mass flow model. The input for that fuel mass model is measured at the test bench based on a DoE test 
plan in the relevant map area with constant engine operation points. The advantage is that with a small measurement 
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effort on the test bench a highly accurate fuel consumption map can be generated and the estimation of vehicle fuel 
consumption is more precise.  

The transferability of test bench results is ensured by established and validated measurement standards as mentioned 
before. In these standards the measurement approach and the standardized boundary conditions are defined to reduce 
the effect of outer influence factors. The adherence of these standards is mandatory for the test bench testing team.  

Model based methods are also applied for production engine management system-map calibration. Figure 41 shows an 
approach for a full load calibration of engine management system data. 

 
Figure 41:  Model-Based Full Load Calibration 

Because of the high grade of engine variability’s the traditional scanning of all parameters is also too expensive and time 
consuming. Besides the efficient use of test bench resources the model based methods have the advantage, that the 
engine behavior is described in a model with all influencing parameters and if vehicle testing requires the change of 
dataset can be done without additional test bench investigations. The targets for the calibration task are: 

• Optimized torque and rated power 
• Steady torque curve depending on engine speed 
• Preventing fuel scavenging effect to reduce raw emission level and fuel consumption 
• Preventing high adjustment speed and shift in direction of actuators depending on engine speed 

 
Based on the measured test results for each test plan the target values are modeled. Where the engine speed is no input 
factor the results of the local models have to be linked to find the adjustment parameters for the engine actuators in the 
whole engine speed range considering steady torque and actuator values. The calculated model errors (residues) and the 
verification of the finally programmed full load engine management system parameters show the high accuracy of the 
model-based method (see Figure 41).  

The use of an automated, unmanned test bench operation is an effective approach for cost saving test bench resources. 
Especially the predefined DoE test plans show high potential for automated test operation. The requirements for safe and 
redundant operation of gasoline engines are also covered by advanced test bench systems: 

• Automated engine operation point adjustment 
• Online stability control of engine operation and autonomous initiation of measurement, when stability criteria are 

fulfilled 
• Monitoring of relevant engine parameters to ensure safe engine operation 
• Online monitoring of knock tendency with FEV indication system CAS. Real time transmitting of knock intenseness 

values to test bench systems via interface 
• Transmitting of adjustment parameters of test bench system to engine management system via interface 

 
With these requirements a high level utilization is possible with unmanned measurement overnight and with service and 
work tasks during the day, which can only be executed by trained staff. 
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VEHICLE METHODS 

INTRODUCTION 

Next to the mentioned use of tools in the stationary test bench calibration, new methods have been introduced in parallel 
for the production calibration of gasoline vehicles. The following are reasons for developing a new generation of tools for 
the vehicle calibration process: 

a) Vehicle Variants: Over the last 5 years the numbers of vehicle variants increased due to different effects. One of 
the effects is the diversion of the vehicle fleet of each manufacturer. With numerous different vehicle variants, the 
manufacturer covers all different market segments, from the base standard vehicle up to the segment for luxury 
vehicle. In parallel, different types of transmissions have been introduced into the market, such as manual and 
automatic transmissions, continuous variable transmissions (CVT) or double clutch transmissions. The vehicle 
variants can be ordered in all kinds of engine and transmission combinations, which results in numerous different 
vehicle calibrations.  

b) Complexity: The main focus for the development process of the combustion engine is to optimize the engine 
emissions and fuel consumption with increasing performance and comfort functions for the customer. Therefore, 
the complexity of technology increased, which results in various numbers of added actuators and controllers. To 
actuate and process the controllers, it is necessary to have an intelligent engine management system, which is 
capable to control the complete system including the mapping of the physical structures of all customer relevant 
conditions in the software. In a current engine management system, this results in the multiplication of various 
maps and parameters that are designed to simulate the physical circumstances. Figure 12 shows the division of 
the engine technology in the past and the trends for the future. 

c) Customers: Due to the increasing mobility of the customers, the calibration of the engine management system 
must be tailored to all of the customer representative conditions like driving styles and ambient conditions: 

• Cold ambient 

• Hot ambient 

• Altitude 

• Influence of fuel qualities (vapor pressure) 

• Influence of customer driving behavior 

For all these mentioned conditions, the engine management system must be calibrated to ensure a robust and customer 
satisfying calibration for all countries in which the vehicle will be sold.  

 
Figure 52:  Share of Engine Technologies 

The combination of the high quality standard compared to the reduced development times and development vehicles for 
completely new vehicle and engine programs including the increasing complexity of the engine and vehicle hardware 
would result in a “target conflict”. Figure 63 shows the calibration duration of former calibration projects, and the actual 
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calibration time with regards to the higher complexity. Therefore, the use of modern calibration methods, to keep the 
development time at least the same or even further reduce it, is a necessary approach.  

 
Figure 63:  Time Schedule for Calibration Processes 

CHANGES IN CALIBRATION PROCESS 

The use of modern vehicle calibration methods has an impact on the calibration process. Former processes started with 
measurements in the vehicle followed by the evaluation of the data including the calibration. To evaluate the effect of the 
changed calibration further multiple iterations were necessary, where the same condition (e.g. engine coolant 
temperature, ambient temperature) needs to be reproduced. If the result of this measurement does not meet the expected 
quality, the loop needs to be repeated until the expected result is achieved.  

Figure 74 shows the calibration process using the vehicle offline tools. 
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Figure 74:  Calibration Processes using the Vehicle Offline Tools 

By using the vehicle tools, the calibration process has to be changed, to ensure the effectiveness of the tool. Due to the 
fact that the tests, e.g. under cold ambient conditions are time, cost and resource consuming, a measurement program 
has been developed, which defines the types of topics to be measured in one measurement loop. In parallel, the 
conditioning times for the vehicles in climate chambers have been reduced by developing specific conditioning systems, 
to speed up engine cool down time. 

After conducting a defined number of measurements, the data will be read in the vehicle tool and will be evaluated. In the 
following offline simulation, which will be executed after changing the data, the change of the calibration with regard to the 
relevant output signals can be directly analyzed. The final robustness check will be performed under real world 
circumstances, e.g. during test trips. 

The following vehicle tools have been realized in the course of the TOPexpert development process: 

A. Base Calibration: 

• After Start / Warm-Up Enrichment 
• Dynamic Air/Fuel Ratio Compensation 
• Exhaust Temperature Model 
• Cold Start Measurement Data Analysis 
 
B. On Board Diagnostic Calibration: 

• Misfire Detection Statistics 



11 

• Misfire Detection Simulation 
• Thermostat Diagnosis 
 
C. Common Tools: 

• Universal Filtering and Simulation 
• Matlab Data Import 
• ECU Data Editor 
• Several Import and Export Filters 
• Vehicle Speed Tracer 
 

Tool for After Start- and Warm-Up Calibration 

After the cold start of a gasoline engine the temperature of all engine components is so low, that the injected fuel will not 
fully vaporize and therefore not fully burn during the combustion process. The fuel which did not vaporize can be divided 
into two groups. One group is the wall wetting, which is build up during stationary conditions. The correction of this portion 
is mapped in the functionalities for the start and the transition compensation. The other portion is induced into the 
cylinder, but due to the cold cylinder walls not able to contribute to the combustion. During the first seconds after start, the 
wall temperature of the combustion room increases very fast compared to the intake manifold and cylinder head 
temperature. To compensate for this temperature effect, the functionality for after start is split into a factor for the fast 
portion and a slow portion. These factors must be increased until a target air/fuel ratio is achieved.  

The vehicle tool supports the engineer to calibrate the whole functionality. In the first step, the engineer starts to take data 
with different speed- and load points and a variation of engine coolant temperature and intake air temperature. The 
measurements will be read in the tools and, like shown in Figure 85, a standardized graphical form to show the relevant 
measurements including the simulated values will be generated.  

 
Figure 85:  TOPexpert Tool for After Start Application 

By changing the necessary characteristic lines and mappings, the numerical based model will simulate the start by using 
the new calibration. Finally the engineers can evaluate, with exactly defined numbers of measurements, the data resulting 
from a complete offline calibration. 

Figure 85 shows the course of the engine speed (4), engine load (3), the air fuel ratio (6) and the factor enrichment (2) of 
a gasoline engine after engine start at 22.5°C. Using the TOPexpert tool, the necessary calibration for the enrichment 
factor can be done offline, and after the simulation, the simulated air/fuel ratio (7) including the simulated enrichment 
factor (1) will be graphically shown in the plot. Without any further time- and resource investment, a sufficient correlation 
between the measurement and the simulation is achieved. Furthermore, the tool is capable to simulate the enrichment 
factor for different ambient temperatures, which results at the end in a steady and stable calibration. All related 
functionalities which have cross influences into the after start and warm up enrichment functionalities can be finally 
calibrated and proven in a next step under real world customer boundary conditions for robustness. 

Tool for Thermal Diagnostics 
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The diagnostics for the monitoring of the engine coolant thermostat and of the engine coolant temperature sensor are part 
of the On Board Diagnostic (OBD) legislation required for the U.S. market. Background for this monitor is the increase of 
engine out emissions if either the engine coolant thermostat is blocked open or the engine coolant water temperature 
sensor is malfunctioning.  

Both diagnostics are, with regard to the calibration effort, very time- and resource consuming. Considering the necessary 
measurements, the whole engine coolant and ambient temperature combination, which can occur during customer 
relevant driving conditions, must be mapped, analyzed and verified in a very complex manner. After every calibration 
step, the result must be verified again and the influence must be analyzed. These calibration loops can be reduced by 
using the TOPexpert vehicle tool for simulation. 

Background of the diagnostic is basically a continuously running model, which monitors the real engine coolant 
temperature including the proper function of the engine thermostat. It is necessary for the model to make sure, if e.g. the 
coolant temperature sensor fails, that all control maps referring to this value can still be fed with a plausible value, 
comparable to the realistic engine coolant temperature. 

The following work scope is required to investigate the thermal behavior of the engine coolant system: 

• Air mass and driving profiles 
• Ambient temperatures 
• Engine start temperatures 
• Opening temperature for electronically-controlled thermostats 
• Heat convection due to interior heater at high and low position 
• Block heater  
• Change in ambient conditions, like drive-off from warm ambient into cold ambient (e.g. engine start from garage) 
 
In the course of calibration, a large number of measurements under different vehicle driving and ambient conditions are 
necessary. For a robust calibration and a sufficient selectivity regarding false detections, an offline tool is needed, 
especially with regard to the complex functionality structures. 

Figure16 depicts the principal of the functionality.  

 
Figure 16:  Principle of the TOPexpert Tool for Thermal Diagnostics 

The goal of the functionality is to under any circumstances detect either a malfunctioning engine coolant sensor or a 
blocked open thermostat, as required by the U.S. authorities. Therefore an engine coolant water temperature model (3) 
needs to be mapped as close to the behavior of the real engine coolant temperature as possible (1). To simulate the 
worst case conditions with the original engine coolant temperature sensor and the original coolant thermostat, the interior 
heater is set as high as possible, to achieve the slowest engine coolant temperature warm-up. In the case of a 
malfunctioning engine coolant temperature sensor, a second model to substitute the coolant temperature signal (5) must 
be created. This model must be able to keep the engine running under all possible conditions like cold starts and engine 
warm-up. The goal is to get no significant influence regarding all comfort and drivability functionalities for the customer 
when the engine coolant sensor fails or the thermostat is blocked open. 
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As shown in Figure16 it is obvious, that the model for the simulated engine coolant temperature (3) is not even close to 
the realistic engine coolant temperature (1) behavior. At this point, the engineer would make a change in calibration and 
run the complete warm-up cycle again. It is very important, that for a repeated test, the test conditions should be very 
similar compared to the first test. 

Figure17 shows the offline calibration step with the TOPexpert tool, which results in a significant improvement of the 
engine coolant temperature model (2) compared to the real engine coolant (1) behavior.  

The “old” model (3) is still shown in the same figure, to compare the behavior due to the data change. Even previously 
taken data can now be reviewed, and the result of the calibration change can be evaluated with regard to selectivity and 
robustness of the new calibration.  

 
Figure 17:  First Calibration Step TOPexpert Tool for Thermal Diagnostics 

To guarantee the high quality standards, which are necessary during the engine and vehicle development, and to avoid 
false detections regarding the OBD requirements in the field, the TOPexpert tool supports the engineers by guiding them 
through the complete calibration process. Starting with the description of the methods and the documentation of 
calibration procedures for all existing tools, the tool itself guides the engineer through the necessary steps. Non-plausible 
values and missed steps will be shown directly on the screen and warn the engineer regarding implausible results. 

CONCLUSION 

Calibration engineers have received proven support through the use of model-based calibration tools. These tools support 
the optimized engine management system data sets and for the testing purposes of the engine management system 
hard- and software using simulation. Simulation techniques have already been predicted to become an integral part of 
vehicle integration and calibration. Utilization of these tools will change the calibration process forever. Augmenting the 
interfaces connecting the simulation environments will also promote a better association between component suppliers 
and algorithm development. Calibration tasks will benefit as measurement data and calculation models will become easier 
to use. 

The simplicity of calibration will become an additional decisive factor for the design of components and complete systems 
(Design for Calibration) that will enable engineers to handle rising complexity. Optimal powertrain control development 
demands an integrated concept that takes into account all of the influences of the engine, transmission and vehicle. This 
enables service providers to become a liaison to balance different objectives for the different groups within major 
corporations. 

These new tools will influence a tremendous amount of change to application projects, which will also be true for 
resources, hardware and personnel. The essential data in the near future will be acquired at the beginning of projects. 
Experienced engineers will conduct the actual calibration in their office and only the validation of the optimized results will 
be completed in the test bench or in the vehicle again. There is a great deal of promise for even further enhancements to 
the tool.  However, it is evident that model-based powertrain calibration is crucial to the development of future 
applications. 
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It is imperative that the high quality standards that have been set in place along with the increased complexity of the 
engine and vehicle hardware do not permit further increases in development time and cost. Consequently, the use of 
these intelligent tools is required to accelerate the powertrain development process. 

The development time for engines and vehicles can be substantially reduced with these new methods for design and 
calibration. Considering the vehicle calibration process for diesel engines, model based methods can optimize complete 
engine maps, taking into account emissions, fuel economy, NVH and map smoothness. 

Calibration methods for gasoline engines are divided among emission, fuel consumption and full load objects. Initial 
combustion process development up to the calibration of the vehicle will allow the use of these model-based processes. A 
dramatic reduction in calibration effort is witnessed by utilizing automatic test bench operations, combined with efficient 
methods for identifying the operational limits. 

The number of test vehicles for conducting the production vehicle calibration has been severely reduced, compared to 
what was available previously.  Due in part to financial constraints, the number of test vehicles available in the future will 
drop even further. FEV has developed tools to support the engineer by reducing the number of tests that are required and 
to resolving the conflicting goals of increased complexity and improving the quality standards for our customers. The After 
Start and Warm-Up Enrichment tool as well as the Thermal Diagnostic calibration tool illustrate a great deal of promise for 
decreasing the numerous tests with increasing complexity and its influence on the calibration process. 

FEV’s TOPexpert benefits the engineers by directing them through the calibration process for each specific function to 
guarantee a robust production calibration that addresses all customer’s driving styles, ambient conditions and fuels. This 
direction is required for quality assurance that the testing resources are used efficiently. 
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ABBREVIATIONS 

SOP   Start of Production 

OBD   On-Board Diagnosis 
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AFR    Air/Fuel Ratio 


