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Simulation-based design integration
improves hybrid vehicle reliability

Because of integration requirements, hybrid vehicles are among the most complex systems to
design, manufacture, and maintain. Robust Design methodology provides the framework to

design reliable hybrid vehicle systems. By Michael Jensen, Synopsys

Hybrid cars have become increasingly popular options for com-
mercial and personal transportation in order to save energy (and
cost) and cut emissions.

Electric vehicles were previously developed to attack the prob-
lems of higher fuel costs and increased tailpipe emissions. They suf-
fered, however, from limited driving range and lack of support infra-
structure (i.e. charging stations). The hybrid vehicle was advanced
as the bridge between the internal combustion engine and electric
vehicles. Hybrid vehicles offer the increased fuel efficiency and
reduced emissions of the electric vehicle, and the long-distance
range and readily available support infrastructure of an internal
combustion engine vehicle.

In a hybrid vehicle, the drive train contains components from
both the internal combustion engine and electric vehicles. The list of
system components includes a battery pack, an electric motor/gen-

Key hybrid passenger car power train systems include the

. . . K i motor/generator (front), controller (center), and battery pack
erator, and an internal combustion engine. The internal combustion  (rear).

engine provides electric and mechanical power to the system. The
electric motor/generator and battery back provide an electric drive design challenge of integrating non-drive automotive electronics

for the system and a way to store electrical energy. Drive trains for source systems, with the added complexity of electronic and soft-
hybrid vehicles come in three configurations: series, parallel, and ware control of the vehicle drive. Because of this integration
combined series-parallel. Regardless of the configuration, reliable requirement, hybrid vehicles are among the most complex systems

vehicle operation depends on the successful integration of the drive ~ to design, manufacture, and maintain.
train components.

Mechatronic systems
Both standard and hybrid vehicles depend on the integration of Mechanical
electrical, mechanical, and software technologies, where automo-
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tive electronics and software are used increasingly to control or

replace mechanical operations. The intersection of these three
design disciplines is called mechatronics. Hybrid vehicles are the
locus of a mechatronics design.

Combining these technologies in a standard vehicle, where elec-
tronic and software control is used in non-drive source applications,

Hybrid vehicles depend on the efficient integration of mechani-
is a complicated design challenge. A hybrid vehicle has this same cal, electrical, and software technologies.
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The general Robust Design system diagram is based on Taguchi
methods.

As vehicle complexity increases, so do concerns about reliability.
Designing hybrid vehicle systems, therefore, requires a systematic,
organized approach to development. To ensure system reliability,
this organized approach requires that reliability issues be an inte-
gral part of the design process from the very beginning. A Robust
Design methodology provides the organized framework needed to
design reliable hybrid vehicle systems.

A Robust Design methodology is an organized and proven devel-
opment philosophy designed to improve system reliability. The prin-
ciples of Robust Design allow design teams to handle complex sys-
tem integration issues with repeatable processes. As shown below, a
Robust Design-based system accepts input signals and produces an
appropriate response. In a typical environment, however, variations
in the design can influence the performance of the system. Design
teams must implement control techniques to compensate for the
design variations.

A Robust Design flow is focused on reducing the effect of varia-
tions on system performance and reliability. These variations can
come from sources internal or external to the design and include
changes in component tolerances, manufacturing processes, use
patterns, the environment, and those due to system aging. While
these are broad categories, each factor can have a major effect on
the reliability of a system. The key objective of a Robust Design
process is to optimize the system design for performance, reliability,
and cost while accounting for these variations.

In a typical design flow, accounting for multiple variations
requires extensive testing. This means that once a system has been
designed, it must be prototyped and tested. A Robust Design
process requires that multiple variations be tested, which means a
new prototype has to be built and tested for each variation. It is
obvious that implementing Robust Design methodologies using this
design-prototype-test flow would soon become too time consuming
and expensive to be practical.

The solution is to move the design-prototype-test operations into
the virtual world of simulation and analysis. This is often referred to
as virtual prototyping. With modern design tools like the Saber sim-
ulator, design teams can design and build virtual prototypes of their

systems and run many tests within the time and budget allotted for
the traditional design-prototype-test flow. Simulation and model-
ing, therefore, are critical requirements to implementing a Robust
Design flow.

Design flow
A Robust Design flow based on modeling and simulation must fol-
low a systematic process. The key to this process is determining:

e The critical performance metrics of the system

* Modeling the system in a way that highlights these metrics

* Then verifying the metrics at each stage of the system
development process

A Robust Design flow has the fundamental development stages
and requires the simulation capabilities shown here.
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An effective Robust Design process depends on a systematic
development flow and requires advanced simulation capabilities.

This Robust Design flow can be easily illustrated using the devel-
opment process of a hybrid vehicle system.

Performance metrics are derived from the design specification. A
typical hybrid vehicle design specification will contain several per-
formance requirements. As an example, the vehicle will often be
required to meet emission, performance, and fuel economy require-
ments. Each of these requirements becomes a performance metric
that must be analyzed during the design process. For the current
discussion, fuel economy will be used as the critical performance
metric.

With the fuel economy metric selected, the design team must
choose or develop simulation models that highlight the design vari-
ations that affect the metric. Because the Robust Design process can
be simulation intensive, models should be chosen that optimize
both simulation accuracy and simulation performance.

When developing models for use in a Robust Design flow, design
teams should use a hardware description language (HDL) to create
the models. Using an HDL gives the team better control over model
accuracy and performance, including the ability to create models at
different levels of design abstraction. The MAST language from
Synopsys is the de-facto standard in the automotive industry for
modeling vehicle systems. Another option is the VHDL-AMS lan-
guage, recently standardized by the IEEE. Both languages are sup-
ported by the Saber simulator.



Verify nominal system operation

Once the system is modeled to focus on analyzing the fuel economy,
the next step is to verify the nominal fuel economy performance of
the hybrid vehicle. The nominal analysis shows the design's best
case fuel economy under ideal conditions. The design is analyzed
using standard operating point, time domain, and frequency
domain analyses. The fuel economy results from the nominal analy-
sis become the performance benchmark for the remaining steps in
the Robust Design flow.

Identify parameters that impact performance

The hybrid vehicle model should contain parameters for the critical
variations that affect the fuel economy. These variations are select-
ed by the design team based on their knowledge of the vehicle sys-
tem. Once the variations are chosen, the team needs to identify
those that most affect the vehicle's fuel economy.

A sensitivity analysis is the most effective way of analyzing the
parameters that most affect a system. Using a sensitivity analysis,
the fuel economy of the vehicle can be analyzed with respect to
changes in individual system parameters. These parameters, and
the affect they have on the hybrid vehicle's performance, become
the focus of the rest of the design process.

Variations analyze system performance

With the critical parameters identified, the next step is to investigate
how changes in these parameters affect the hybrid vehicle's fuel econo-
my. Based on their knowledge of the system, design teams establish
value ranges for the critical parameters, and set up simulation com-
mands for sweeping the values through their ranges.

Being able to sweep the parameters is an important capability.
Design teams must set up the simulation to sweep the design param-
eters in a series of loops that the simulator can automatically exe-
cute. This allows the simulator to cover every possible combination
of the parameters, giving the design team a complete picture of how
the fuel economy is impacted. The objective of a parametric analysis
is to establish a range of values for each critical system parameter.
This range of values is then translated into a nominal value plus a
tolerance for use in a statistical analysis.

Optimize system performance

At this point, the design team should have a good understanding of
how system variations affect fuel economy, how compensation tech-
niques should be implemented, and which components should be
selected to give the best system performance. The next step is to
verify the vehicle's fuel economy over all possible combinations of
design parameter values.

This is accomplished using a statistical analysis. Based on the
results of the parametric analysis, design teams assign tolerances
and distributions to identified key parameters in the system. The list
of key parameters should include those found during the sensitivity

analysis. The objective is to verify the vehicle's fuel economy as
design parameters are randomly varied within their tolerance
ranges and combined with other parameters in the design. The end
result should be a hybrid vehicle whose fuel economy is optimized
over a broad range of system variations.

Evaluate system stresses and failure modes

The final step to ensure system reliability is to analyze the stresses
placed on system components, and then investigate what happens
when key components in the system fail.

A stress analysis is used to analyze the impact stresses place on the
hybrid vehicle components. Design teams place maximum stress rat-
ings on these components, and apply de-ratings where needed. The
simulator uses this information to determine how near "maximum" or
"de-rated" ratings the component is being operated. The design teams
can then take corrective action where needed.

A failure modes analysis verifies system performance as key com-
ponents are initiated into failure modes. Design teams must first
choose an acceptable range for the fuel economy measurement. Key
components are then selected to fail during the analysis, and the
failure mechanisms for the components are defined.

The failure modes analysis then runs a series of analyses causing
the selected components to fail. The fuel economy is monitored dur-
ing the analysis to see if the system, even after failures occur, con-
tinues to perform within specification. The end result is a report
giving details of the component failures and the pass/fail state of
the fuel economy metric.

Conclusion

Hybrid vehicles are new and evolving complex transportation sys-
tems. Their integral use of mechanical, electrical, and software
technologies makes system integration more challenging and the
design process significantly more complex than for conventional
vehicles. The hybrid system's high complexity can result in
increased reliability issues. Design teams need an organized design
approach to address these system complexities and ensure that reli-
ability objectives are met.

Robust Design methodologies provide a systematic design
approach for complex systems. And incorporating Robust Design
principles with virtual prototyping practices, including modeling
and simulation, gives design teams powerful tools for optimizing
the performance, reliability, and cost of hybrid vehicles. To make a
Robust Design flow work for a hybrid vehicle development pro-
gram, design teams need access to advanced simulation tools like
the Saber simulator from Synopsys. Using these tools, design teams
have the ability to analyze and verify the performance of complex
hybrid vehicle systems.

Michael Jensen is technical marketing engineer for the Saber
Simulation Product Line at Synopsys.
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