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ABSTRACT

Plug-in hybrid electric vehicle (PHEV) technologies have the
potential for considerable petroleum consumption reductions,
possibly at the expense of increased tailpipe emissions due to
multiple “cold” start events and improper use of the engine
for PHEV specific operation. PHEVs operate predominantly
as electric vehicles (EVs) with intermittent assist from the
engine during high power demands. As a consequence, the
engine can be subjected to multiple cold start events. These
cold start events may have a significant impact on the tailpipe
emissions due to degraded catalyst performance and starting
the engine under less than ideal conditions. On current hybrid
electric vehicles (HEVs), the first cold start of the engine
dictates whether or not the vehicle will pass federal emissions
tests. PHEV operation compounds this problem due to
infrequent, multiple engine cold starts.

This research experimentally verifies a vehicle supervisory
control system for a pre-transmission parallel PHEV
powertrain architecture. Energy management strategies are
evaluated and implemented in a virtual environment for
preliminary assessment of petroleum displacement benefits
and rudimentary drivability issues. This baseline vehicle
supervisory control strategy, developed as a result of this
assessment, is implemented and tested on actual hardware in
a controlled laboratory environment over a baseline test
cycle.
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Engine cold start events are aggressively addressed in the
development of this control system, which leads to enhanced
pre-warming and energy-based engine warming algorithms
that provide substantial reductions in tailpipe emissions over
the baseline supervisory control strategy. The flexibility of
the PHEV powertrain allows for decreased emissions during
any engine starting event through powertrain “torque
shaping” algorithms.

The results of the research show that PHEVs do have the
potential for substantial reductions in fuel consumption.
Tailpipe emissions from a PHEV test platform have been
reduced to acceptable levels through the development and
refinement of vehicle supervisory control methods only.
Impacts on fuel consumption were minimal for the emissions
reduction techniques implemented.

INTRODUCTION

The supervisory control strategy was developed during the
analytical phase of this research and targeted to the real-time
control system on the Mobile Advanced Technology Testbed
(MATT) of the Advanced Powertrain Research Facility
(APRF) at the Argonne National Laboratory (ANL) for
verification on actual hardware. Testing was conducted in
two (2) distinct phases. Phase I represents experimental
evaluation of the control strategy that does not include any
emissions control constraints, and provides a basis for
establishing the merits of the proposed emissions-related
control modifications. Phase II mirrors the testing of Phase I,
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but includes all of the previously developed emissions control
constraints.

PHASE I VEHICLE MODELING

The vehicle chosen for this study is based on a typical
compact sedan. This vehicle has been tested extensively in
the Advanced Powertrain Research Facility (APRF) at
Argonne National Laboratory (ANL) and has been validated
using the Powertrain Systems Analysis Toolkit (PSAT).
Therefore, validated test data for the vehicle is readily
available for use and provides an excellent basis to begin
modeling. The composition of the vehicle model can be
broken down into two (2) basic constituents: mechanical
components that comprise the physical vehicle, and the
supervisory control strategies that manage the interactions of
all relevant powertrain components within the vehicle. A
complete summary of the hardware components and relevant
data is presented in the next section, followed by a detailed
description of the development of the control strategy. It is
important to note that this vehicle is designed to be all-
electric capable over the Urban Dynamometer Driving
Schedule (UDDS).

Components

In order to successfully create a viable vehicle level model,
powertrain components must be identified and respective data
gathered. PSAT organizes the creation of an advanced
powertrain vehicle model into a logical sequence of events,
beginning with the selection of a powertrain configuration.
As noted earlier, a pre-transmission parallel hybrid electric
powertrain with single energy storage system provides the
foundation from which to build the virtual PHEV. This is
consistent with the powertrain configuration of the Mobile
Advanced Technology Testbed (MATT) at ANL, which is a
unique hardware-in-the-loop test system capable of emulating
virtually any advanced powertrain configuration on a chassis
dynamometer. Subsystem models are then chosen to populate
each of the components of the powertrain. Corresponding
initialization files provide the necessary interface for
component characterization via data maps and variables.

The most important component models for this study are the
engine, traction motor, and energy storage system. The
energy storage system model is based on a proprietary model
developed by researchers at ANL. The engine model is based
upon an existing PSAT engine model that is scaled to match
the characteristics of the gasoline engine currently in use on
MATT. Table 1 outlines the pertinent components used to
create the vehicle model in PSAT. A brief summary of the
distinguishing characteristics of each powertrain component
is provided in the table. Once each of the powertrain
components has been identified and populated with the
relevant data maps and variables, the control strategy must be
developed and implemented.
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Table 1. PSAT component modeling assumptions

COMPONENT PARAMETER VALUE
Maximum engine power output: | 104 kW
Peak engine efficiency 37%
Energy storage capacity 10.6 kW*hr
Nominal voltage 260 VDC
Continuous motor power 53 kW
Maximum motor power 75 kW
Peak motor efficiency 92%
Final drive ratio 35

Tire rolling radius 0.33m
Tire rolling resistance 0.007
Vehicle mass 1685 kg
Frontal area 2.2 m2
Drag coefficient 0.33

Control Strategy: Development of the Vehicle
System Control Module

The Vehicle System Control Module (VSCM) is a
supervisory control system that dictates how each of the
powertrain components behaves, as well as how each
subsystem interacts with other onboard systems in order to
meet basic operator demands. PSAT has a basic selection of
powertrain supervisory control strategies to select from.
These control strategies provide basic functionality and are
excellent for use in directional or trade-off studies. While
these control models are useful, a custom control model was
created that offered full flexibility and adaptability for later
stages of the research where emissions constraints would be
considered. In addition, development of a custom control
strategy was warranted in order to provide essential
calibrateable parameters that would make the transition from
simulation to real time hardware quick and easy.

The VSCM model was developed in a modular fashion in
order to readily accept additional code insertion where
necessary. The control system architecture is comprised of
various control processes. The primary control processes of
the VSCM are responsible for the status of the vehicle, the
energy management and blending strategies, the regenerative
braking functions, and energy storage control and status.
Each of these control processes communicates with each
other in order to facilitate the operation and interaction of the
traction motor, energy storage system, and the engine. All
calculations within the VSCM are power-based. This ensures
consistency throughout each process of the VSCM, and
minimizes error due to missed gear ratios that are necessary
for torque-based calculations.

PHASE IPHEV CONTROL STRATEGY
APPROACHES

The supervisory control system of the PHEV powertrain must
allow for both charge depleting (CD) and charge sustaining
(CS) operation as appropriate over the entire usable state-of-
charge (SOC) range of the energy storage system. While
there are literally endless possibilities fg energy management
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strategies to be implemented into the VSCM, four (4) distinct
supervisory control algorithms will be evaluated as part of
this research. One important note is that for the baseline
development of the VSCM, emissions considerations are
ignored such that a basis for comparison of the subsequent
emissions control algorithms can be later evaluated (fuel
economy impacts through simulation and emissions impacts
through test).

Charge Depleting Operation

The two (2) main approaches for PHEV CD operation are
referred to in this research as the maximum depletion and the
blended mode. The maximum depletion approach is the
simplest control method and strives to discharge the battery
pack as quickly as possible by operating in all-electric mode
until the lower SOC bound is reached.

The blended strategy makes greater use of the engine during
the CD region of operation. The blended strategy applied in
this research makes use of what will be referred to as charge
preservation (CP) operation when the engine is running
during CD. The distinction between CP and CS is that the
VSCM does not allow any charging of the battery pack by the
engine (using extra fuel) and does not use the motor for any
propulsion (no discharge of the battery pack is allowed). The
engine operates just as in a conventional powertrain and
provides all propulsion for the vehicle. In this way, the
energy in the battery pack is preserved until the engine shuts
off and electric operation resumes where it “left off.” Another
important concept applied in this strategy is that if the engine
is commanded to operate, then it should be used to provide
useful work. This is another reason why no discharging of the
battery pack is allowed during CP operation (reduction of the
required power from the engine). The CP mode is
accomplished by temporarily setting the target SOC to the
current SOC at the point when the engine was commanded to
engage. The required power to maintain the SOC of the
energy storage system is then set equal to zero such that no
charging or discharging occurs.

Charge Sustaining Operation

For this particular pre-transmission parallel HEV powertrain
architecture, there are two (2) approaches to CS operation
that cover a majority of the functional envelopes of the
subsystem components, with emphasis on the engine.

The first approach, referred to herein as the load following
strategy, operates the engine much like a conventional
vehicle where the commanded engine torque closely follows
the demanded torque. Excess engine power can be used to
charge the battery pack during periods of low power demand,
such as cruising. The SOC is held tightly around a target SOC
during CS operation. In this approach during HEV operation,
the traction motor is operated in a more constant regime,
whereas the engine manages all the transients.
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The second approach, referred to herein as the engine
optimal strategy, operates the engine much differently
compared to the load following case. Here, the engine is
commanded to operate at its most efficient load point based
on the current engine speed. The motor acts as a generator
and charges virtually all the time while the engine is running.
SOC maintenance is handled by operating the vehicle in
electric mode for a larger percentage of the time, particularly
during urban styles of driving. In this approach during HEV
operation, the engine is operated in a more constant regime,
whereas the traction motor manages all the transient behavior
necessary to adequately traverse the drive cycle.

Both the load following and engine optimal CS strategies
were incorporated into the controller and expanded for PHEV
operation. Figure 1,Figure 2 Figure 3 Figure 4 represent a
graphical summary of the simulation results of the
fundamental operation of each case of the maximum
depletion and blended strategies.

Figure 1 and Figure 2 illustrate the engine operation for the
maximum depletion/load following case and the maximum
depletion/engine optimal case, respectively. The maximum
depletion cases feature all electric operation during the CD
portion of the strategy, followed by either a load following or
engine optimal charge sustaining phase. The load following
case maintains the SOC tightly around the target SOC of
30%, as shown in Figure 1. As a consequence, the engine
turns on much more frequently. The SOC for the engine
optimal case, illustrated in Figure 2, is allowed to vary much
more greatly around the target SOC.

This is due to the engine operating on its most efficient point,
and consequently charges the battery to a much greater
degree. As a result, the engine does not have to turn on as
frequently, and makes use of the excess stored electrical
energy to propel the vehicle. Less engine starts are desirable
in order to potentially reduce THC and CO emissions.
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Figure 1. Baseline maximum depletion load following
operating summary
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Figure 2. Baseline maximum depletion engine optimal Figure 4. Baseline blended engine optimal operating
operating summary summary

Figure 3 and Figure 4 represent the blended control strategy Figure 5 represents a comparison of the energy consumption
cases. The CD phase for both the load following and engine for each individual strategy that was simulated. The energy
optimal strategies are identical. The philosophy for the consumption presented here is aggregate for the entire test
blended CD operation is to operate in a CP mode. When the regimen (6 consecutive UDDS driving cycles). For both the
engine is requested to provide power during higher demands, load following and engine optimal approaches, the fuel
the engine is operated much like a conventional, load consumption of the vehicle is reduced in going from the
following strategy. No charging or discharging of the energy maximum depletion case to the blended case. The engine
storage system is allowed during CP mode. The concept is to optimal strategy provides marginally lower fuel consumption
load the engine when it is requested to operate such that it over the load following algorithm. The electrical energy
operates more efficiently, hence no discharging of the battery. consumption is slightly lower for both of the engine optimal
Conversely, the purpose of CD is to rely mostly on electric cases, due mainly to the excessive charging of the energy
power, so extra fuel should not be consumed to charge the storage system during engine operation. An important
battery pack. This approach is shown in the figures as a flat consideration when considering energy consumption
SOC line during engine operation for the CD portion of the (particularly fuel consumption) is that due to PSAT
simulation, such that the SOC of the battery pack is limitations, the simulations only predict hot start energy
“preserved.” consumption.
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Figure 3. Baseline blended load following operating 43 o]
summary
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Figure 5. Simulation energy consumption results for
baseline PHEYV control strategies
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PHASE I CONTROL STRATEGY
MODIFICATIONS FOR EMISSIONS

Engine Pre-Warming Strategy

The maximum depletion cases are addressed first. Here, all-
electric operation from key switch on is maintained.
However, a smoother transition strategy must be
implemented that heats the engine at low loading prior to
being relied upon as the primary power source. A key-on
engine start strategy is not a desired option, but does provide
a sound basis for an engine heating transition strategy in
moving from CD mode into full CS operation.

At moderately low SOC values, in this case below 40%, a
SOC transition strategy is implemented. A pre-warm up
routine has been developed where the vehicle continues to
function in a CD mode, relying on all electric power for
propulsion. During this transition, the CP mode is activated.
Upon reaching an engine start condition, the engine will start
and be operated at a constant low torque command, in this
case 15 N*m. As a first attempt, the pre-warm up routine is
time based, and limited to operate for a total of 120 seconds.
The pre-warm up routine resembles a conventional key-on
engine start and idle period which is slightly accelerated by
applying a light load to the engine to heat critical exhaust
aftertreatment components. However, the traction motor is
actuated to handle the transient power demands of the
operator. PSAT simulation results for this strategy modified
with emissions control constraints are shown graphically in
Figure 6 compared to baseline results for the same portion of
the multiple UDDS drive cycle.

Priase 1 Engrs Toms [Mrj

Energy based warm up

Figure 6. Maximum depletion pre-warm up and engine
energy based warm up routines

The light loading of the engine actually reduces the
commanded power of the traction motor, which in turn
slightly “preserves” the SOC of the battery pack. This creates
a delay in the next required engine start, which is the
beginning of full CS operation of the PHEV powertrain.
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Main Energy-Based Warming Strategy

Once the engine completes the pre-warm up routine, a main
energy-based torque limiting routine is employed to further
warm the engine and exhaust aftertreatment system in a
gradual manner. This approach effectively reduces high
torque spike demands of the engine. In essence, the main
engine warm up concept is a scaling factor that modifies the
maximum available engine power consisting of two (2)
primary components.

The first component of the energy based torque limiting
scaling factor is derived from analysis of a conventional
vehicle cold start (MATT operated as a conventional vehicle
using the same component matrix). The cumulative engine
output energy, E,,;, is calculated and normalized based on the
3 MJ value (derived from MATT conventional vehicle cold
start data) for successful conventional vehicle engine warm
up, and is given by the expression

E
_ fo ot Peng_des (t) dt
Nener_gy -
Etot

where,

Nenersy 18 the engine energy based scaling factor,
Eo 1s the total energy required for successful engine warm up, and
Peng_des 1s the commanded engine power from the VSCM.

Modern ECUs have internal algorithms that can infer actual
engine output, however, desired engine output was used in
this research to demonstrate the concept. The energy-based
torque limiting strategy is shown graphically on the right side
of Figure 6. From the figure, it is clear how the maximum
output of the engine is slowly ramped as as the total energy
used by the engine increases.

The second component of the energy based torque limiting
scaling factor is based on vehicle speed. The engine torque is
limited more at lower vehicle speeds where wheel torque
requests are typically greater to accelerate the vehicle. This
approach is based on a calibrated one-dimensional look-up
table and accounts for up to a maximum value of 0.5 for the
scaling factor of the torque limiting routine.

Finally, the total scaling factor, Ny, for the torque limiting
engine warm up routine is given by the expression below.
Niotar mever can reach unity until Negerg, saturates and

Nyeh speed 18 greater the maximum speed threshold (40 MPH
in this case).

1
Ntota! = Nveh_speed + ENenergyw Ntotai between {0» 1}‘

Once the engine has completed both the pre-warm up and

main engine energy based warm up al FyghEp TS
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