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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. 

A continuation of previous analytical work, 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. 

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 



Page 2 of 18 

 

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 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, but includes all 

of the previously developed emissions control constraints. 

PHASE II OVERALL FUNCTIONAL SUMMARY 

All experimental tests were conducted at the APRF located at ANL on MATT.  The test cycle consisted of six 

(6) Urban Dynamometer Driving Schedules (UDDS) that were ran consecutively.  Due to certain limitations, 

there was an average of ten minutes between each actual UDDS cycle in order to reset the system.  Each test 

began with an assumed full charge of the energy storage system (90% in this case).  All of the consecutive 

cycles assured full charge depletion (CD) and charge sustaining (CS) operation of the vehicle. 

Figure 1 represents the functional summary for the Phase II maximum depletion load following case.  The 

maximum depletion engine warming strategy engages at just below 40% SOC.  The charge preservation (CP) 

accomplished as a result allows the vehicle to operate for a short period in an all-electric mode until finally 

entering into full CS operation.  The engine warming strategy for this test operates the engine in a load 

following manner. 

 

Figure 1.  Maximum depletion load following operational summary for Phase II 
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Figure 2 represents the functional summary for the maximum depletion engine optimal case.  Just as in the load 

following case described above, the engine warming strategy is engaged just below 40% SOC.  The main 

difference here is that the engine is allowed to operate in a (modified) engine optimal manner during engine 

warm up, as is shown by the slight increase in SOC above 40% during the first engine on event.  The vehicle is 

allowed to operate in all-electric mode after the engine warm up strategy is complete, due to the increased 

amount of stored electrical energy from the engine optimal approach.  This increased electric operation after the 

engine warm up may appear self defeating, however, the temperatures reached by the primary and secondary 

catalysts for this type of operation are much greater since the engine is operated at high loads at all times when 

the engine is running.  This increased stored thermal energy inside the catalysts allows the engine extra time to 

remain off without substantial impacts on catalytic conversion efficiency. 

 

Figure 2.  Maximum depletion engine optimal operational summary for Phase II 

Figure 3 represents the functional summary of the blended load following case for Phase II.  The engine is 

turned on immediately due to the “cold” catalyst.  The secondary warming strategy can be seen to engage 

around the second series of engine operation near the 1500 second mark, and again around the 3000 second 

mark.  The effect of the variable CD engine-on power threshold can be seen as the frequency of engine 

operation increases as time moves forward.  A period of electric operation is observed when the SOC depletes 

to approximately 35%.  At this point, full CS operation begins and causes a rapid depletion of the battery in 

order to maintain tight control of the SOC about its 30% target. 
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Figure 3.  Blended load following operational summary for Phase II 

Figure 4 represents the functional summary of the blended engine optimal case for Phase II.  The CD region is 

identical to the load following as described previously.  The engine is turned on right away due to the “cold” 

catalyst.  The secondary warming strategy can be seen to engage around the second series of engine operation 

near the 1500 second mark, and again around the 3000 second mark.  The effect of the variable CD engine on 

power threshold can be seen as the frequency of engine operation increases as time moves forward.  During the 

transition into CS operation, the engine optimal control strategy engages, as can be seen by the increase in SOC 

due to excess charging.  As a result, a longer period of electric operation is observed as compared to the load 

following case in Figure 3.  Another period of electric operation is observed as a result of excess charging 

during the last high speed section of the drive cycle.  In general, less frequent engine operation is required 

during this series of testing. 
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Figure 4.  Blended engine optimal operational summary for Phase II 

PHASE II ENERGY CONSUMPTION RESULTS 

The emissions-related control strategy was implemented into MATT, and subjected to the same test regimen as 

in Phase I.  Figure 5 represents the aggregate energy consumption for the combined set of six (6) UDDS drive 

cycles compared to Phase I.  Both engine optimal strategies yielded results that were expected, which are 

highlighted in red in the figure and summarized in the bulleted list below: 

 The maximum depletion engine optimal case did not vary substantially in going from Phase I to Phase II.  

This is due to the all electric CD phase being the same.  There is a slight increase in electrical consumption, 

due to the extra electric operation required during the transition phase for the engine warming strategy, and 

the warm engine start torque smoothing algorithm. 

 The blended engine optimal case consumed slightly more fuel in Phase II, resulting from the key-on engine 

warming strategy at the beginning of the test regimen, and continuous engine running until the pre-warm up 

and main engine warming phases are complete.  There is also a slight decrease in the electrical energy 

consumption, due to the slight charge preservation mode of operation during the engine warm up period. 
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Figure 5.  Energy consumption results for Phase II compared to Phase I (aggregate for 6 UDDS cycles) 

The most interesting result of Phase II is the substantial reduction in fuel consumption for the load following 

strategies.  Referring to the green highlighted rectangles in Figure 5, a substantial reduction in fuel consumption 

is observed.  This is counter-intuitive when considering the added engine warming strategies and the perceived 

increase in inefficient use of the engine. 

Phase II Maximum Depletion Energy Consumption Results 

Figure 6 represents a comparison of actual energy consumption data for Phase II maximum depletion tests, 

shown as solid lines, to the original Phase I results.  Charge balanced operation has not affected fuel 

consumption substantially, as shown by the coincident y-intercepts.  However, there is a pronounced decrease in 

fuel consumption around the transition point, with a smaller increase visible around the CS region.  A closer 

look into the transition and full CS portions of the test regimen reveals the source of the fuel consumption 

benefits associated with the emissions reduction algorithms that were implemented for Phase II. 

Figure 7 illustrates the cumulative fuel used for the transition and full CS operation tests for the maximum 

depletion load following cases of both Phase I and Phase II.  The full CS operation for both phases, shown as 

dotted lines, are virtually identical and offer no insight into the fuel savings offered by Phase II.  However, there 

is a distinct amount of fuel saved during the Phase II transition test even though more fuel is consumed at the 

beginning of the cycle for the engine warming routines. 
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Figure 6.  PHEV maximum depletion energy consumption results for Phase II 

 

Figure 7.  Investigation of fuel consumption reduction for maximum depletion load following strategy 

Figure 8 shows the SOC for the same transition test cycle for both Phase I and Phase II.  During the transition in 

Phase II, there is an increase in CP of the battery pack during the engine warming period that is not present in 

Phase I.  This creates the opportunity for a prolonged period of electric only operation that leads into full CS 

operation later in the test cycle.  Therefore, a unique benefit for reduced fuel consumption of PHEVs exists 

when considering emissions reduction techniques. 

The fuel consumption for the maximum depletion engine optimal case exhibits a small increase during the 

transition cycle as shown in Figure 6.  This is due to the cold start warm up routine employed, and the extra fuel 
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cumulative fuel data during each cycle clearly shows that even while the Phase II cold start warm up routine 

consumes more fuel, it is consumed at a much lower rate than for Phase I.  Unfortunately, the same fuel 

consumption benefit is not seen when considering engine optimal operation during the transition period. 

 

Figure 8.  Maximum depletion load following SOC comparison during transition period 

 

Figure 9.  Phase II maximum depletion cold start warm up routine fuel comparison to Phase I (actual test data) 
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the level of Phase II, negating the CP region.  Each test then exhibits a prolonged period of electric only 

operation.  The fuel penalty for the engine warming strategy is never recovered for the engine optimal case. 

 

Figure 10.  Maximum depletion engine optimal SOC comparison for Phase I and Phase II 

Phase II Blended Operation Energy Consumption Results 

Figure 11 represents a comparison of actual energy consumption data for Phase II blended operation tests, 

shown as solid lines, to the original Phase I results.  For both engine optimal and load following cases, the 

Phase II cold start consumes more fuel as compared to Phase I results.  This is due to the engine warming 
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Figure 11.  Energy PHEV blended energy consumption results for Phase II 

PHASE II TAILPIPE EMISSIONS RESULTS 

Now that the energy consumption effects have been identified, the emissions impacts can be explored to 

determine if the applied cold start algorithms and emissions reduction techniques provide “greener” operation 

for this test platform. 

Figure 12 represents the culmination of Phase I and Phase II in terms of the actual emissions impacts of the 

improved control strategies.  Clearly, the emission reduction methods implemented into each of the control 

strategies have led to a substantial reduction in both NMOG and NOx emissions from the test platform.  Each of 

the four (4) strategies now attains SULEV emissions levels, with minimal negative effects on energy 

consumption as outlined in the previous section.  In addition, all four (4) strategies result in NOx emissions 
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Figure 12.  Emissions results summary for Phase II showing overall improvements over Phase I 

Phase II Maximum Depletion Emissions Results 
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Figure 13.  Comparison of THC emissions results for maximum depletion PHEV operation of Phase II to Phase 

I 

 

Figure 14.  Comparison of THC emissions for Phase I and Phase II maximum depletion load following strategy 
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much smoother transition of the engine torque to the wheels, and did not seem as “violent” or aggressive as 

Phase I. 

 

Figure 15.  Engine optimal full CS operation showing benefits of engine torque ramping on THC emissions 

Figure 16 depicts the NOx results on a cycle by cycle basis for the maximum depletion tests ran for Phase II, 
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Figure 16.  Comparison of NOx emissions results maximum depletion PHEV operation of Phase II to Phase I 

 

Figure 17.  Comparison of CO emissions results maximum depletion PHEV operation of Phase II to Phase I 
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strategy is the “zig-zag” in the trace as the test cycle progresses from right to left.  This is where the control 

strategy transitions from CD operation into full CS operation. 

 

Figure 18.  Comparison of THC emissions results blended PHEV operation of Phase II to Phase I 

Figure 19 summarizes the NOx emissions results for each of the Phase II blended strategies.  Again, superior 

reductions in NOx emissions are achieved.  This is due primarily to the gradual warming of the engine through 

the pre-warm strategy and energy based main warming strategy coupled with torque smoothing during engine 

starts.  The large spike in NOx, as a result of the cold engine start from Phase I, has been eliminated. 

Figure 20 illustrates the carbon monoxide results for the Phase II blended strategies.  Here, a large reduction in 

CO emissions is evident, particularly with respect to the first engine cold start of Phase I.  The load following 

case for Phase II still exhibits the increasing CO emissions trend as the SOC approaches full CS operation.  This 

is attributed again to the increasing number of engine starts for each successive test cycle. 

 

Figure 19.  Comparison of NOx emissions results blended PHEV operation of Phase II to Phase I 
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Figure 20.  Comparison of CO emissions results blended PHEV operation of Phase II to Phase I 

The engine warming algorithms implemented into the VSCM produce much lower tailpipe emissions than the 

Phase I approach for these blended strategies.  The net effect of these algorithms is two-fold.  The first benefit 

of this approach is to reduce and smooth the loading of the engine during both cold and hot engine starts.  The 

second effect is to operate the engine more frequently.  In doing so, the operating temperatures of the engine 

system remain higher during the test cycles, allowing for increased conversion efficiencies in the primary and 

secondary catalysts. 

Figure 21 illustrates the comparison of pre-catalyst exhaust gas temperatures for the blended load following 

strategies implemented for Phase I and Phase II, respectively.  The effects of the pre-warming strategy can be 

clearly seen at the beginning of the test cycle.  During CD operation, the pre-catalyst temperature stays 

significantly higher for the Phase II application, and the secondary catalyst warming strategy is shown taking 

effect when the gas temperature drops below 200 °C.  The pre-catalyst exhaust gas temperature is higher 

throughout all of the UDDS drive cycles for Phase II, indicating that the primary and secondary catalysts remain 

effective for a greater percentage of the time (due to the thermal mass of the catalyst bricks, the catalysts cool 

much slower than the pre-catalyst exhaust gas). 

 

Figure 21.  Comparison of pre-catalyst exhaust gas temperatures for blended load following PHEV operation 
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SUMMARY/CONCLUSIONS 

PHEVs do have the potential for substantial reductions in fuel consumption for the transportation sector.  

However, care must be taken when designing and implementing PHEV supervisory control strategies such that 

the tailpipe emissions are not adversely effected.  When and how the engine is operated in PHEVs is critical to 

the success and of these perceived “green” vehicles. 

In this research, tailpipe emissions from a PHEV test platform have been reduced through the development and 

refinement of vehicle supervisory control methods.  Baseline energy management strategies were developed 

with respect to maximizing fuel economy alone.  These strategies include “cold” engine starting under high load 

demands, which was verified to be ineffective with respect to emissions reduction. Lower emissions were 

achieved with improved control algorithms for this representative PHEV with substantial EV operation over 

that of a conventional vehicle. 

Engine cold start events were aggressively addressed, which led to enhanced engine warming and pre-warming 

algorithms.  Key–on engine starting was employed to mimic conventional vehicle operation; however, the 

results of this research indicate that this is not mandatory for successful reduction of tailpipe emissions.  The 

engine pre-warming and warming techniques provided substantial reductions in emissions over the baseline 

PHEV control strategies. 

The flexibility of the PHEV powertrain allowed for decreased emissions during engine starting events through 

powertrain “torque shaping” algorithms.  The focus of these enhancements was to replace high engine torque 

demands during starting with “clean” electric motor torque.  This approach proved very effective for the 

reduction of NOx emissions. 

The results of the research indicate that the impacts on fuel consumption were minimal for the emissions 

reduction techniques that were applied.  In fact, the engine start torque ramping and warming strategies actually 

decreased fuel consumption for each of the load following strategies due to “engine optimal” like operation. 
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