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Powertrain modeling provides invaluable insight during the architecture selection and component
sizing powertrain design phases. A model-based design process from the initial design phase to
the operational prototype phase includes a series of intermediary steps that are required to
integrate the real-time and physical limitations of the control systems development prior to in-
vehicle testing. Software-in-the-loop (SIL) followed by Hardware-in-the-loop (HIL) validation
of control algorithms and control hardware should be performed. The major benefits of the
SIL/HIL sequence are reduced development cost and time, and improved safety as control
systems can be evaluated, and to a large extent validated, prior to vehicle deployment.

This paper outlines the development of a HIL simulation system for the evaluation of hybrid
control strategies. Implementing SIL and HIL simulations of hybrid vehicle powertrains, control
strategies, and possibly vehicle dynamics is expected to be necessary in the research, design, and
development of plug-in hybrids. The focus of this paper is on the utilization of model-based
design techniques to develop common models through a design process. Key results include the
evaluation of the dynamic torque control strategy and the battery charge/discharge control. The
feedback of the results in the development of new control strategy models that are used in
subsequent powertrain modeling efforts is demonstrated.
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INTRODUCTION

Throughout the history of powered transportation, higher performance, increased comfort, and
additional functionality have been the primary goals. Consideration must now not only be
made for vehicle performance, but must now also for how traveling impacts the environment.
The threat that near-exclusive use of fossil fuels for transportation energy poses to the
environment is considerable. The fact that the combustion of fossil fuels has caused a significant
increase in atmospheric greenhouse gas concentration and that this increase due to human
activity has had a warming effect on our climate is widely accepted in the scientific community".
The detrimental effects that global warming will have on the global ecosystem and economy
have been extensively modeled and are predicted to be severe, including increased tropical
storms, droughts, and floods 2. Poor air quality in urban areas caused by vehicle emissions has a
significant negative impact on human health °. In addition to the negative effects that fossil fuel
use in transportation has on the environment, the dependence on energy from foreighn sources has
destabilized political relations between nations leading to wars and famine. The20"c ent ur y ' s
adoption of oil as a transportation energy source was due in most part to its ease of extraction
and use. The short-term simplicity of burning oil to provide power for transportation has,
however, created the above-mentioned long-term problems which must be addressed ®. A
promising technology for the reduction in transportation energy demands and greenhouse gas
emissions is the hybrid vehicle. In particular, fuel cell and plug-in hybrid vehicles represent an
opportunity to reduce on-road emissions and improve energy use efficiency.

Hybrid powertrains

Hybrid electric vehicles use in-vehicle energy storage devices such as batteries or ultracapacitors
with electric motors in addition to their primary drive engines in order to recapture braking
energy and to drive the wheels using the most efficient energy pathway. Most vehicle
manufacturers have made significant progress in the past five years in developing hybrid
vehicles to add to their product lines, with consumer demand for hybrid technology increasing
significantly in the past years. Figure 1 shows the sale of hybrid vehicles in the US from 2004
until 2007 *. The correlation between consumer preference for vehicles that save fuel and the
price of fuel at any given time is clear. Plug-in hybrids are a special category of hybrid vehicles
that allow drivers to charge the vehicle battery from the electricity grid to reduce urban
emissions and improve fuel economy. The plug-in hybrid vehicle has not yet been released to
marketb y a n y , h@vevit segeral vehicle manufacturers have made plans public to
introduce plug-in hybrids in the near future °.
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Figure 1: US hybrid sales in 2004-2007 *
Hybrid Architectures

In the parallel hybrid architecture, the motor and the engine are both able to deliver power to the
wheels. This allows the motor to assist the engine on hard acceleration, as well as to take over
completely during low speed driving. During braking, the motor becomes a generator that
recharges the battery with the mechanical energy required for stopping. The disadvantage of the
architecture is that the internal combustion engine cannot be constantly operated in its most
efficient operating range because it is mechanically linked to the wheels.

Series hybrid vehicles seek to operate an optimally sized internal combustion engine at the
engine’s most efficient operating
used at the wheels, or to charge the battery, depending on the driver request. The wheels are
driven by the electric motor alone and regenerative braking is still possible. The disadvantages
of this architecture is that the power must flow through all of the powertrain components, so they
mustallbe si zed | arge enough to handle the
losses in energy conversion are significant.
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The split series parallel configuration allows the greatest flexibility in power delivery, and can
therefore select the most efficient operating point while maintaining the ability to provide
sufficient power to the wheels during heavy acceleration. The major drawbacks of this
architecture are its weight, cost, and complexity. The Toyota Prius employs a split series-
parallel powertrain configuration, and has established itself as the flagship for hybrid vehicles °.

Introducing plug-in capability to any hybrid architecture yields the advantage of the reduced cost
and environmental impact of electric drive technology. Average US electricity costs 8.8 ¢/kWh’
which equates to 0.9 c/L of gasoline equivalent. All-electric powertrains have discharge
efficiencies of approximately 86% ®, yielding impressive fuel economies and thus fuel savings
when driving from energy obtained from a wall-plug. For series hybrids, the impact is
particularly significant because of the typically large storage capacity of their battery °.

Test Vehicle: Fuel Cell Hybrid Equinox

The ChallengeX competition is a four year competition that encourages students from seventeen
North American Universities to use state of the art technology and design techniques to balance
reduced well-to-wheel energy consumption and emissions with increased performance on a 2005
Chevrolet Equinox.

The University of Waterloo Alternative Fuels team (UWAFT) chose a fuel cell hybrid
architecture for their competition vehicle powertrain after an extensive design phase in the first
year of the competition. The design was realized in the second year of competition, and a fully
functional “ mul e Theithirdyeal oétfie ChalkergeX pometdionc e d .
(2006/2007) focused on the refinement of the vehicle control strategy.

The overall powertrain layout is shown in Figure beside a picture of the vehicle during
competition on-road trials.
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Figure 2: Powertrain packaging for the fuel cell Chevrolet Equinox

A 70kW nickel metal hydride battery, a 67kW three-phase induction traction motor, a high
voltage DC/DC converter, and power distribution are housed underhood. The fuel cell power
module is packaged in the floor of the vehicle to allow for five passenger seating. This required
the redesign of the main structural frame rails, which provide the Equinox chassis with most of
its stiffness. The rear cradle and vehicle sub-frame required significant modification to accept a
second 67kW drive motor and hydrogen tank supports.



Introduction to HIL simulation

Hardware-in-the-loop simulation (HIL) is an increasingly valuable tool for rapid prototyping,

system modeling, and validation. This simulation methodology was first implemented in

aviation and guided missile control tuning and validation where physical control testing is at best

difficult and, at worst, dangerous or impossible. HIL has since found widespread use in vehicle

control design, where emphasis on safe and economical testing has made HIL an industry

standard. The definition of HIL, which was originally the validation of an engine control unit

(ECU) in a virtual vehicle simulation environment, has been expanded to include hardware from

almost all vehicle subsystems. The definition of hardware-in-the-loop simulation that will be
usedinthispaperi s “t he wuse of comprehensivetmeirtual v
simulation environments to validate and tune

The advantages that HIL simulation offers to the automotive industry are outlined in Table 1 *°,
The ability to test vehicle subsystems in a safe and repeatable fashion, as well as the time and
cost savings associated with HIL testing should be highlighted as major benefits of performing
the validation in a vehicle design cycle.

Table 1: Utility of HIL simulation in the automotive industry *°

Advantage Description Example

Cost Effectiveness Less hardware required Simulation of subsystems before hardware selection
Rapid Prototyping Reduced setup time Engine control performed without dynamometer test
Fidelity/Verisimilitude | Can resolve focus on individual subsystems Isolating pump dynamics is easier to simulate
Simulation Speed Complex physical phenomena runs faster Empirical nature of models allows shorter test time
Repeatability Boundary conditions controllable Suspension systems can be loaded in simulation
Virtual environment HIL allows simulation of destructive events Airbag deployment can be tested
Comprehensiveness Broad range of physical conditions simulated | Temperature variation during ascent testing

Safety Vehicle safety systems can be validated Appropriate torque requests for throttle signals?
Parallelism Subsystems can be developed in parallel Hybrid control strategy tuned during development

The burgeoning hybrid vehicle market has prompted vehicle manufacturers to accelerate the
development of hybrid vehicles, necessitating the rapid prototyping capability offered by HIL
simulation. Hybrid vehicle powertrain complexity also requires more complicated control
hardware and algorithms, which presents an opportunity to use HIL simulation to test fail-safe
functionality and rationality in the increasingly complex hybrid control systems. There are
several important considerations when establishing hardware-in-the-loop simulation systems
above and beyond what is required for unidirectional modeled systems. In addition to model
accuracy and fidelity, determinism and interconnectivity between hardware and software
components must be designed for in HIL test apparatus.
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The University of Waterloo HIL test system is represented in Figure 3. There are two physical
vehicle controllers which interface with the virtual vehicle simulation in real-time. The system
performance is monitored by a supervisory computer which performs data logging and test cycle

control functions.

VIRTUAL CONTROL VALIDATION

Selected simulation results from the virtual vehicle control strategy validation work are

presented. Results from algorithm validation for a torque arbitration algorithm are also presented
to illustrate how SIL simulation is able to ensure thatt h e
expected before control strategies are loaded. HIL simulation was particularly useful when

validating the 12V NiMH battery charge controller for the fuel cell hybrid vehicle.

Torque Control Algorithm validation
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The fidelity of the SIL dynamic vehicle model was validated using a separate set of vehicle
operating data than was used to build the model. A representative result of this validation is
shown in Figure which compares the vehicle high voltage busses to the predicted high voltage
busses for acceleration from 18 to 50 kph. The comparison of predicted with actual operating

data shows good agreement, validating the accuracy of the powertrain model.
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Figure 4: Validation of model predicted bus voltages versus vehicle acceleration data

The torque control and regenerative braking algorithm validation was an iterative software-in-

the-loop (SIL) process that was performed before each new code revision was loaded to the
vehicle controller. The first SIL effort was directed at debugging code. Once the code was
debugged, the simulation was used to provide approximate braking torque slew rates for

regenerative braking.

The first version of the regenerative braking and traction control code that was loaded in the SIL
simulation system resulted in unintended behaviour. Table 2 outlines the development and shows

the iteration cycle that was performed to bring the code to an acceptable performance level.

Table 2: Torque control strategy troubleshooting process

Error

Fix

Vehicle Capable?

Both motor full torque applied to single motor

Remove doubling gain

Torque passed through in park

Add safety to enumeration block

No torque available for reversing

Fix double safety redundancy

RPM limited at 500

Remove RPM limiting saturation

Full negative torque requested at initial brake

Add saturation to limit regen torque

Torque ramp too steep causing jarring decel

Add slew rate limitation to ramp

<| <| <| z| z| =z

Figure shows no regenerative braking being performed during deceleration, shown circled in the

figure and characterized by a lack of negative torque.
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Figure 5: Regenerative braking control strategy not functioning as intended

Redundant safety checks to ensure that regenerative braking would be performed during forward
motion were not receiving the required input speeds to unlatch the regenerative braking function.
Once this error was identified and corrected, regenerative braking behaviour shown as negative
torque requests, circled in Figure , was obtained through the software-in-the-loop modeling.
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Figure 6: Regenerative braking control strategy functioning as intended



Battery Control Subsystem HIL Validation

To validate the 12V NiMH charge/discharge control logic, hardware-in-the-loop simulation
techniques were used. To validate plant model accuracy, the discharge behaviour of the battery
model was compared witht he manuf acturer’s dat mFigue?7. t he

1.4

\M

124 —‘b’“%\\
1

Voltage (V)
(=]
®

o
=)
.

0.4

0.2 4

T T T T T T
[0} 10 20 30 40 50 60 70
Time (min)

‘+ Data —— simulation model

Figure 7: Empirical NiMH battery system model fit

SIL trials were able to identify several code issues such as incorrect gain constants before
moving to the HIL testing. A potentially harmful control logic error was observed, diagnosed,
and addressed during the HIL battery control testing. The oscillatory behaviour in Figure 9 was
observed once all of the lower level controls issues were resolved. This oscillation was observed
both during high and low charge current requests from the controller. Oscilloscope probing
ruled out the possibility of signal transmission error.
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Figure 9: Faulty integration method resulting in unstable control response



The integral gain observed to be was saturated at times when the set point and output values
were almost identical. Upon analyzing the controller code, it was noted that the Simulink-native
integrator block was selecting an integration time step of 1 second, although the input values
were being updated every 10 ms. The 100 samples were being averaged together in the
integrator block and its response was updating far too slowly, creating an unstable control
response. This undesirable behaviour did not appear in any of the previous SIL and code logic
checking, illustrating the usefulness of HIL validation. To yield the desired battery charger
control response shown in Figure 10, a custom integration term calculation was written.
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Figure 10: Expected charge circuit function. Charging the battery is interrupted periodically for 1 minute
intervals to measure the battery state of charge
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The NiMH charge control was validated and appropriately tuned, using the hardware-in-the-loop
simulation system. The iterative approach taken not only saved vehicle down time due to 12V
system troubleshooting, but also mitigated the risk of component damage by identifying and
correcting unstable control logic.

OPPORTUNITIES FOR PLUG-IN HYBRID CONTROL VALIDATION

This paper describes how model-based control validation and development parallelized work
flow for the ChallengeX fuel cell hybrid Equinox project using a custom hardware-in-the-loop
and software-in-the-loop simulation system. The set-up and execution times for running virtual
controls tests are much shorter than running in-vehicle tests allowing more testing and validation
to be performed in a short period. More importantly, testing control algorithms on systems that
are expensive and potentially hazardous (high voltage) can be performed in a virtual
environment with confidence that no damage to personnel or equipment will result. HIL
methodology lends itself well to validating plug-in hybrid vehicle control systems because of
their inherent complexity. Future work will include determining optimal plug-in control
strategies on the HIL simulation system.
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