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This paper describes development of a test cell setup for concurrent running of a
real engine and a simulation of the vehicle system, and its use for investigating
highly-dynamic engine-in-vehicle operation and its effect on diesel engine emis-
sions. Running an enginein thetest cell under conditions experienced in the vehicle
enables acquiring detailed insight into dynamic interactions between powertrain
sub-systems, and the impact of it on fuel consumption and transient emissions. This
type of data may otherwise be difficult and extremely costly to obtain froma vehicle
prototypetest. In particular, engine system response during critical transients and
the effect of transient excursions on emissions are investigated using advanced,
fast-response test instrumentation and emissions analyzers. Main enablers of the
work include the highly dynamic AC electric dynamometer with the accompanying
computerized control system and the computationally efficient simulation of the
driveline/vehicle system. The latter is developed through systematic energy-based
proper modeling that tailors the virtual model to capture critical powertrain tran-
sients while running in real time. Coupling the real engine with the virtual
driveline/vehicle offers a chance to easily modify vehicle parameters, and even
study different powertrain configurations. In particular, the paper describesthe en-
gine-in-the-loop study of a V-8, 6l engine coupled to a virtual 4x4 off road vehicle.
This engine is considered as a high-performance option for thistruck and the real
prototype of the compl ete vehicle does not exist yet. Theresultsshed light on critical
transientsin a conventional powertrain and their effect on NO, and soot emissions.
Measurements demonstrate very large spikes of particulate concentration at the
initiation of vehicle accel eration events. Characterization of transientsand their ef-
fect on particulate emission provides a basis for devising engine-level or vehicle
level strategies, and direct guidance for developing drive-by-wire systems and/or
hybrid supervisory control.
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Introduction

Diesel enginesare particularly well suited for medium-duty vehiclesdueto their supe-
rior fuel economy, favourable torque and power ratings, and durability. Recent technological
advances, particularly related to fuel injection and air-charging systems, have led to increased
performance and refinement. Hence, diesel sare becoming an attractive option for light trucksas
well. However, additional design improvements are necessary for diesel propulsion systemsto
addresstherapid rise of fuel pricesand thetighter emissions standards announced by the US En-
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vironmental Protection Agency (EPA) and its European Union counterpart for the time frame
2007-2010. Dual-use and off-road diesel-powered trucks must meet aggressive fuel economy
and emissions requirements under harsher missions. In addition, soot emission is related to vi-
sual signature and loading of aftertreatment componentsthat will likely be necessary in near fu-
ture.

Developing amodern propulsion system invariably entails some degree of prototyping.
Simulation tools are indispensable for the rapid prediction of vehicle behaviour during a typical
mission and the evaluation and selection of propulsion concepts and components early in the de-
sign process [1-9]. Simulation tools also make it possible to vary and optimize component and
sub-system designs for given goals and constraints [10, 11]. However, simulation-based vehicle
system design is not without limitations. Conducting vehicle-level studies over complete driving
scheduleslimitsthe degree of fidelity that can be afforded within areasonable computational time
frame. For instance, simulating soot formation processesin adiesel engineis prohibitively slow in
the context of systems work, since it requires coupling of sophisticated computational fluid dy-
namics (CFD) models and chemical kinetics[12, 13]. Therefore, even though state-of-the-art ve-
hicle simulationsenable ng vehicle performance, fuel economy and dynamic responsewith
high confidence, verification of emissions trends necessitates experimentation. Merging the vir-
tual and real worlds, by combining physical engines with virtual drivelines and vehicles, is per-
haps the only way to accurately characterize the influence of system design on performance, fuel
economy, and emissions early in the design cycle.

This paper couples the virtual simulation and real experimentation, and introduces a
setup that concurrently runsadriveline/vehicle simulation and areal engineinatest cell. Incon-
trast with more traditional implementation of the hardware-in-the-loop (HIL) that typically fea
tures a control unit in hardware integrated with virtual devices and systems being controlled, a
major piece of hardware is integrated with virtual devices emulating realistic operating condi-
tions. Using the virtual driveline/vehicle simulation enablesrapid prototyping and optimization
of different powertrain configurations, designs, and control systems. Furthermore, by imple-
menting the complete engine systemin physical hardware, the setup capturesthe effect of uncer-
taintiesin actuator response on engine dynamic behavior. Consequently, our use of HIL simula-
tionisnot limited to control design, testing and calibration, but addresses broader objectives of
evaluating anintegrated powertrain system configuration, system optimization, and power man-
agement design. Secondly, the setup immerses a major piece of hardware, namely, a multi-cyl-
inder diesel engine together with its accompanying sub-system controller, in the loop and that
motivates the use of the term engine-in-the-loop (EIL) simulation.

Engine- (or powertrain-) in-the-loop testing is frequently used in industry, but mostly
for the design and calibration of transmission and engine controllers [14]. Jason and Moskwa
[15], for instance, describe the enhancement of dynamometer bandwidths using the hydrostatic
principle for the purpose of system control and diagnostics. Similarly, Fleming et al. [16] de-
scribe the development of a powertrain-in-the-loop setup that enables control design specifi-
caly for parallel hybrid electric vehicles. Finaly, the Argonne National Laboratory (ANL)
servesastheprimary sitefor technology validation for theU. S. Department of Energy. Their fo-
cus is on enabling the testing of various components in an emulated vehicle environment [10].
Recent work at the ANL has also utilized HIL simulation to investigate tradeoffs between fuel
efficiency and NO, emissions in a hybrid vehicle with a continuously variable transmission
(CVT) [17], but relied primarily on analysis of the time spent at given engine regimes and
steady-state emission maps. Our focus differs from the above EIL-related literature in three
ways. First, we explore the capabilities of EIL as aresearch tool for studying fundamental as-
pects of transient diesel emissions in the context of realistic in-vehicle conditions. We seek a
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characterization of powertrain dynamics, and a fundamental understanding of the influence of
such transient dynamics on engine exhaust emissions. Secondly, we support the use of EIL asan
integrated system-level methodology for powertrain design and control with extensive
driveline/vehicle modeling effort. Prior research in the Automotive Research Center at the Uni-
versity of Michigan (ARC) produced a comprehensive set of simulation tools for design and
analysis of advanced vehicle systems that provide a strong foundation for development of
real-time models. The system modeling platform dubbed VESIM for vehicle engine simulation
has been developed in Simulink with emphasis on high-fidelity of fully integrated system simu-
lations. The tool can be configured for different propulsion system architectures, such as the
conventional vehicle[2] or different hybrid options[3, 6]. Thirdly, our focusison medium-duty
diesel engines and trucks, rather than passenger cars. The engine used in thiswork isa6 L V-8
diesel produced by the International Truck and Engine Corporation (International), andit iscou-
pled to ahighly dynamic AC dynamometer inthe W. E. Lay Automotive Laboratory at the Uni-
versity of Michigan. The virtual vehicle is configured based on the specifications of the high
mobility multipurpose wheeled vehicle (HMMWV or a Hummer), a 4x4 vehicle with excep-
tional off-road capabilities.

The objectives of the work are to
develop the EIL experimentation ca-
pability and use it to study engine
system behavior when coupled to a
4x4 driveline with afour-speed auto-
matic transmission (fig. 1). In partic-
ular, we examine and characterize
transient emissions of NO, and
particulates and assess the impact of
transient spikes on overall emissions.
Studying the dynamic interactions
between different vehicle sub-sys

tems shedslight on causesfor critical . . .
. - Figure 1. A schematic of the 4x4 powertrain for the
transient conditions and SUGESISPO- £’ 1ad truck

tential engine-level or vehicle-level  Engine and ICM — injection control module, T/C —torque
approaches for active transient emis-  converter, Trans —transmission, Tr case —transfer case,
sion reduction. As an example, the D-F and D-R—front and rear differential, respectively
hypothesis that the increased pres-
ence of internal residual during turbo
lag has a strong effect on increased particulate formation is explored, hence offering guidance
for optimization of the air and exhaust gas recirculation (EGR) systems. The tradeoff between
the torgue response and the magnitude of the transient soot spike is assessed by analyzing a
load-increase event with threetip-in functions, i. e. astep change, atwo-second, and afive-sec-
ond tip-in. This generates detailed guidance for development of future drive-by-wire strategies
or hybrid vehicle power management strategies optimized for clean and efficient operation.
The paper begins with a high-level description of the approach, critical enablers, and
EIL setup used in this work. Next, modeling and integration challenges are described briefly.
Thisisfollowed by a detailed description of diesel engine specifications, test cell instrumenta-
tion and the interface between the dynamometer and the vehicle simulation. The setup’s V-8 6L
diesel engine manufactured by International is a new product, much more powerful than the
standard Hummer engine, and it isbeing considered for propul sion of heavier versions of theve-
hicle. The use of the setup for quantifying theinfluence of powertrain transientson dynamic die-
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sel engine performance and emissions is demonstrated through analysis of drive cycle results.
Particular attention is given to analysis of transient soot emission spikes observed at every rapid
load increase. Theinvestigation of in-vehicletransientsis complemented with in-depth analysis
of engine parameters obtained for different tip-in functions. Full characterization of transient
particulate emission produces guidelinesfor devel oping future clean and efficient drive-by-wire
or hybrid power management strategies. Finally, the paper ends with a brief summary and
conclusions.

Approach - inserting major piece of hardware in-the-loop
Conceptual considerations

Several key enablersare necessary beforeafull EIL capability can befully developed.
Figure 2 presents a conceptual summary of such enablers (in ovals) inrelationto aHIL setup’s
main components (in rectangles).

Hardware/software integration Advanced diagnostics

____________________ Ad

Physical
submodel

y
,,,,, SensEI
el Slgnal conditioningand T~ __.--"7"
d|g|ta| signal processing

Virtual
submodel

Figure 2. Key enablersof HIL simulation

The specific requirements pertaining to each one of theitemsin fig. 2 are dictated by
the HIL application. In case of the EIL setup, the following was found to be essential :

(1) Sensor and actuator fidelity and bandwidth, and unobtrusiveness. The particular
dynamometer furnished by AVL LIST GmbH possessesavery low inertiathat minimizesits
influence on perceived engine inertia, thereby minimizing obtrusiveness. Sensors used on
the setup havefidelities and bandwidths sufficient for the accurate measurement and control
of highly transient engine dynamics.

(2) Sgnal conditioning and digital signal processing. The setup employs finely tuned lead-lag
filters to both minimize the effect of measurement noise and maximize its bandwidth. Such
signal conditioning has proven critical to the integration effort and effective exploitation of
the setup’s capabilities.

(3) Fast processors and fixed-step integration. The setup uses state-of-the-art microprocessors
and real -time operating systemsto ensure real-time simulation. A fixed step-size integration
routine within the Matlab Real-Time Workshop ensures that the simulator is constantly in
synch with real time. The particular communication system used in the setup (EMCON) was
designed by AVL to ensure maximum bandwidth, thereby ensuring high-fidelity HIL
simulation.
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(4) Advanced diagnostics of physical devices. Engine instrumentation includes specialized
fast-response analyzers for measuring critical engine-out emissions during very dynamic
events characteristic of powertrain operation in an off-road vehicle.

(5) Proper modelling. The setup uses proper virtual driveline and vehicle models to ensure that
the dynamics of the driveline and vehicle are captured both accurately and in real time. The
extraction of such models from more complex ones using energy-based model reduction
techniques is described in depth in other publications by the authors[18-20].

(6) Networking. While this is not part of the scope of the current study, the capabilities of the
setup will enable future consideration of networking HIL simulators to allow different
engineering teams to design selected subsystems independently and then integrate their
design efforts through the Internet.

(7) Hardwar e/software integration. The engine is prototyped in hardware and the rest of the
vehicle systemisvirtual. This partitioning enables generating critical data experimentally
(e. g. details of engine transient processes and emissions) and rapid prototyping of
different vehicle driveline options. In particular, the setup makes it possible to quickly
swap and compare different transmission options, including manual, automatic, hybrid
electric or hydraulic options.

Integration of the EIL setup

Theintegration of thevirtual componentswith the hardwarein thetest cell to create an
engine-in-the-loop systemisrepresented schematically infig. 3. An advanced test cell, featuring
astate-of-the art medium duty diesel engine and ahighly dynamic AC dynamometer with the ac-
companying control system, has been set up for investigations of clean diesel technologies[21].
The dynamometer and test cell hardware vendor (AVL North America) committed to providing
the necessary hardware and software for interfacing modelsin Simulink with the dynamometer
and engine controller, thus opening up the possibility of realizing the full benefit of the synergy
between modeling and experimental efforts. The VESIM developed in the ARC isused to simu-
late the vehicle sdriver, driveline, hybrid components, controllers, and vehicle dynamics|2, 3,
6]. VESIM’s forward-looking driveline and vehicle dynamics models make it possible to inte-
grate avirtual driver into the system with the vehicle driving schedule as the only input to the
EIL models.

Hardware
Simulation (VESIM)

EMCON ]
-_— controller
Driver | "¢ kg A

Drive
cycle Vehicle
speed

Driveline
& vehicle

Engine Dynamometer

Figure 3. Engine-in-the-loop test cell configuration
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The driveline and vehicle simulations run concurrently with the enginein real timeto
simulate vehicle behavior and provide feedback to the virtual driver and dynamometer control-
ler (EMCON). The engine is coupled to the dynamometer and EMCON, such that its perfor-
mance depends entirely on signals provided by the driver and response of the virtual vehicle.
This constitutes a fully integrated EIL setup that emulates the desired vehicle, drivetrain, and
driver concurrently inreal time.

Toillustrate the communication flow, consider adrive cycle at the beginning of which
the engineisidling and the vehicle velocity is zero. Asthe target velocity startsto increase, the
virtual driver within VESIM recognizes the difference in demanded and actual vehicle veloci-
ties and increases the accelerator pedal position appropriately. This pedal position signa is
passed to EMCON and is processed into asignal that is sent to the engine. The engine responds
tothissignal by producing torque measured by the dynamometer. Thistorque valueisthen used
asinput into the VESIM driveline/vehicle module capable of calculating the impact of the sup-
plied torque on vehicle velocity. The updated vehicle velocity is subsequently trandated to en-
gine speed, based on current states in the transmission and torque converter, and this request is
sent to the dynamometer through EM CON. The updated vehicle velocity isalso provided to the
driver, which again compares this value to the driving schedule and determines the pedal posi-
tion for the following step. When the desired vehicle velocity profile starts to fall, the virtua
driver “lifts the foot off the gas pedal” thus making the gas pedal signal zero, and instead sends
an appropriate command to avirtual brake model within VESIM. Vehicle velocity changes ac-
cording to the brake model, and engine speed is commanded appropriately. Thus, the above
setup enables the fully integrated simulation of acceleration, coasting, and braking events.

Modeling and integration challenges

Modeling is supported by the ongoing research in the ARC. The main mission of the
center is development of advanced models and simulations of ground vehicles, with an empha-
sison predictivefully integrated system simulations. V arious subsystem model s have been inte-
grated in Simulink as a common simulation environment to produce atool for conventional ve-
hicle smulation dubbed VESIM [2]. This platform has subsequently been expanded and
utilized for investigating a number of research issues related to advanced and hybrid truck pro-
pulsion. The fuel economy potential of selected hybrid electric and hydraulic hybrid configura-
tions has been evaluated by Lin et al. in [6, 7] and Filipi et al. [3]. Hierarchical methodologies
for optimally designing acomplex vehicle system are explored in [11], while [22] considers de-
sign under uncertainty.

Successful EIL simulation requires proper driveline/vehiclemodels, i. e., modelscom-
plex enough to accurately capture powertrain dynamics but simple enough to run in real time
[23]. A 5112 kg HMMWYV with a conventional powertrain was previously modeled using bond
graphs[18]. A bond graph isaschematic that representsagiven dynamic system as an assembly
of energy sources, stores, and dissipaters exchanging energy and information [24, 25]. Themod-
els were then made proper by balancing their fidelity vs. complexity using the model order re-
duction algorithm (MORA) by Louca et al. [26]. The fundamental premise behind MORA is
that an energetic element’ sactivity isindicative of itsimportance to the model’ sfidelity. Thefi-
delity of the devel oped model swasverified using the accuracy and validation algorithmfor sim-
ulation (AVASIm) by Sendur et al. [20]. AVASIm quantifiesamodel’sfidelity by comparing
its outputs to a benchmark, which may be either an experiment or a higher-fidelity model. Fi-
nally, a proper model of an existing Hummer is constructed in away that captures powertrain
transients accurately while being simple enough to runin real time [18, 19]. This model’s pa-
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rameterswere then scaled to match the engine used in thiscase study. |n particular, the Hummer
torque converter, gear ratios, shift map, and final drive were scaled to provide desired mobility,
smooth shifting, and fuel efficiency, given the speed and torque range of the International V-8
engine [27].

The above super-Hummer models were expressed in the bond graph language
SIDOPS and implemented in the modeling tool 20Sim [28]. For EIL simulation, the engine
module was removed and the drivetrain was connected to the EMCON interface. The models
were then translated into differential algebraic equations (DAEs) and expressed in the C lan-
guage. Embedding the C code into Simulink as a Simulink-executable S-function (using
Matlab’ s external interface C-MEX function) finally allowed the models to be connected to the
EMCON interface.

A viable EIL simulator comprises more than just well-instrumented hardware con-
nected to proper virtual models. Initial work quickly uncovered integration issuesthat needed to
be addressed on both ends before the setup could be operated safely and with full functionality.
The main challenges proved to be:

— connection causality,
— signal noise and communication delays, and
— virtual driver response.

The most basic integration question is connection causality, namely, which signals en-
ter each subsystem as inputs, and which are generated as outputs. Traditionally, engine-dyna-
mometer and EIL test setups commanded engine torque and measured engine speed through a
dynamometer [ 15,16, 29]. However, the use of this causality for EIL simulation often led to un-
stable engine torque signals. Controlling engine torque through a dynamometer implicitly in-
volves engine acceleration control. Acceleration is inherently higher in order compared to ve-
locity. Higher-order signals are noisier to measure, and their control requires higher actuator
bandwidths compared to lower-order signals. A dynamometer ishence generally more effective
for commanding engine speed rather than torque. In this work, reversing the EIL setup’s con-
nection causality by commanding the engine' s speed and measuring itstorque all eviated the sta-
bility problem and increased the setup’ s bandwidth to the desired range (15-25 Hz). The virtual
model causality wasreversed by incorporating impeller inertiainto the torque converter model.
More details are provided by Filipi et al. [21].

The second integration challenge was a result of the fact that measured signals are
prone to both noise and communication time delays. These two problems were addressed
through the introduction of low-pass filtering to eliminate sensor noise and lead filtering to
counterbalance the phase lag introduced by the communication time delays. The lead-lag filter
design procedureinvolved operating the engine at steady-state, and then superimposing sinusoi-
dal engine speed and pedal position profilesonto the steady-state. Repeating thisfor variousfre-
quenciesfurnished empirical transfer functions representing the engine’ s dynamics and empiri-
cal models of the setup’s noise. These models were then used to design the lead-lag filters
through loop shaping, awidely used process whose details are omitted for brevity [30, 31].

The final integration challenge was the virtual driver’s inability to follow the rapid
fluctuations of vehicle speed inacity driving cycle accurately. Thisdrive cycleis prescribed by
the EPA for emissionstesting. For certification purposes, the velocity profile must be followed
with an error not exceeding one mile per hour for more than one second. Thisisrelatively diffi-
cult even for real drivers, and EPA allows preview during certification tests. The driver model
developed for the EIL study was initially a simple proportional-integral-derivative controler
model with an anti-windup loop. Adding a low-pass filter to attenuate measurement noise and
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1-, 2-, and 3-second previewswith proportional preview gains proved to be necessary for ensur-
ing desired dynamic performance.

Experimental setup
Engine specifications

The engine used in thisinvestigationisa6 L V-8 direct-injection diesel engine manu-
factured by the International . Its specifications are given in tab. 1. The engineisintended for a
variety of medium duty truck applications covering the range between US Classes |I1B and VII.
Replacing the standard 6.5 L turbo charged I DI engine devel oping 145 kW with the more pow-
erful International V-8 engine creates a virtual “super-Hummer” capable of providing excep-
tional performance even in heavier versions of the vehicle.

The engine incorporates ad-
vanced technologies to provide
high power density while meeting
Engine type DI 4-stroke diesel engine emissions standards. A hydraulic
Configuration V-8, cam-in-crankcase, 4 valves/cylinder electronic unit injector (HEUI)
Bore x Stroke [rmm] | 95 x 105 system permits the precise control
of fuel injection timing, pressure,
and quantity, and furthermore al-
Rated power [KW] | 250 at 3300 rpm lows the use of pilot injection. An
Rated torque [Nm] | 760 EGR circuit is used to introduce
cooled exhaust gases into the in-

take manifold in order to decrease
Valve lifters Push rod-activated rocker arm NO, emissions. EGR flow rate is

Aspiration Variable geometry turbine / intercool er controlled through modulation of
the EGR valve and the setting of
the variable geometry turbo-
charger (VGT). The VGT is aso
used to enhance engine performance, as it reduces boost lag and allows control of the intake
manifold pressure.

Table 1. Diesel engine specifications

Displacement [L] |6.0

Compressionratio [18.0:1

Fuel delivery system| Gen. 2 hydraulic-electronic unit-injectors

Test cell systems and engine instrumentation

The engineis coupled to a 330 kW AVL ELIN series 100 APA asynchronous dyna-
mometer. Thisdynamometer isespecially well suited to perform transient testing, asit hasa5 ms
torque response time and a—100% to +100% torque reversal time of 10 ms. Operation of the test
cell isorchestrated viathe AVL PUMA open system, providing an environment for monitoring
and controlling test cell functions. The engine is fully instrumented for time-based measure-
ments of pressures, temperatures, and flow rates at various locations in the system. The
time-based signals are acquired with the use of AVL fast front end modules (F-FEMs). Crank
angle resolved measurements include in-cylinder pressure, fuel injection pressure, and needle
lift. Dataacquisition and combustion analysisis performed viaan AVL Indimaster Advanced
671 indicating system.

Interfacing with the engine's powertrain control module (PCM) and monitoring of
control functions is accomplished through the use of ETAS INCA software. The injection pa
rameters, aswell as EGR valve and VGT vane setting, can be observed and adjusted. INCA is
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linked to PUMA via a communication link that operates on the ASAM (Association for Stan-
dardization of Automation and Measuring Systems) protocol.

An AVL combustion emissions bench (CEB-I1) isused to sample, condition, and mea-
sure exhaust gas constituents. Analyzers measure the proportion of carbon monoxide (CO), car-
bon dioxide (CO,), oxygen (O,), total hydrocarbons (THC), and oxides of nitrogen (NO,) in the
exhaust gas. CO, levelsin the intake manifold are al so measured to quantify EGR rates. These
analyzersdo not have the response time necessary to accurately follow the instantaneous tempo-
ral dynamics of emissions pulses, but they do provide an accurate integrated response [32].

Fast response emission analyzers

Accurate temporal measurement of NO, is provided by a CLD 500 fast NO, analyzer
made by Cambustion Ltd. It consists of a chemiluminescent detector with a 90% to 10% re-
sponse time of lessthan 3 msfor NO, and lessthan 10 msfor NO,. Thisisachieved by locating
the detectorsin remote sampl e heads that are positioned very close to the sample point in the en-
gine and using vacuum to convey the sample gas to the detectors through narrow heated capil-
laries.

The fast NO, analyzer provides NO, concentration in parts per million (ppm). Thisis
subsequently converted to mass flow of NO, with the equation:

PPMyo, MWyo
= X X o+ m 1
Mo, 10000 MWy (Mg + Meg ) 1)

where MWo, is molecular weight of NO,, MW,...« iS molecular weight of exhaust, and
(my, + M,y ) Isthetotal mass flow rate of exhaust.

Temporally resolved particulate concentrations are obtained using a differential mo-
bility spectrometer (DM S) 500 manufactured by Cambustion Ltd. Thisinstrument measuresthe
number of particles and their spectral weighting in the 5 nm to 1000 nm size range with atime
response of 200 ms. The DM S provides aerosol size spectral databy using acoronadischargeto
place aprescribed charge on each particle. The charged particles are then carried along a classi-
fier column by a sheath of clean air. Within the column, particles are subjected to aradial elec-
tric field from acentral electrode which repelsthem towards the periphery. Particleswith lower
aerodynamic drag-to-charge ratio will deflect more quickly and are attracted towards electrode
rings closer to the beginning of the classifier column, and vice versa. Asthe particlesland on the
grounded rings, they give up their charge and these outputs from the el ectrometers are processed
in real time to provide spectral data and other desired parameters.

Typica spectral datafrom the DMS 500 are shown in fig. 4. The x-axisis particle di-
ameter (D,,) in nanometers and the y-axisisthe spectral density with aunit of d\N/dlogD,,in cms.
Thusthe areaunder the curve represents the number of particles per cubic centimeter of sample.
Conversion of aerosol spectral size datainto particulate massisnot straightforward. Agglomer-
atesformed during diesel combustion are non-spherical and therefore their mass does not corre-
|ate with the cube of the particle diameter. Similarly, the constituents of the particles change as
the diameter varies and consequently there is no direct correlation between particle density and
diameter. Nevertheless, arelationship has been suggested by the manufacturer [33], based onre-
sults obtained from an scanning mobility particle sizer and an aerosol particle mass spectrome-
ter and published by Park et al. [34]. While these instruments use the same principlesto classify
particles, they require much more time (~100 s) to produce afull size spectrum.
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1:2410° ' ; To obtain total particle mass, the

5 5 x-axis of the curve shown infig. 4 is
first discretized, which groups the
data into particle diameter bins. The
density of the particles within each
bin is assumed to be constant and
then the mass of particles (M) in
each bin is determined by:
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where N, is the number of particles.
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Figure 4. Sample particulate spectral density curve leading coefficient acts as a “pseu-

do-density” for the particles in that

bin; its magnitude is affected by par-
ticle constituents and also the unit changes that occur with the non-integer particle diameter ex-
ponent. After the M, is calculated for each bin, thetotal massisfound by summing the massesin
each bin and dividing it by the number of bins per decade, i. e.:

T M,
My =—25nS  T1kg/m3 3
T Bins/ Decade[ g ] ®)

Thissummation is used as an approximation that accounts for integration over aloga-
rithmic scale.

Results - the effect of transients on diesel emissions

This section describesthe drive cycle and examines interactionsin the powertrain sys-
tems and dynamic responses of critical sub-systems and components. Particular attention isfo-
cused on the effect of engine system transients on exhaust emission trends and visual signature.
Thetransient contribution to overall particulate emission is quantified, thus enabling future de-
velopment of strategies for clean and efficient truck propulsion.

Typica measurements obtained over a transient driving schedule are given in fig. 5.
Only thefirst 400 s of the Federal Urban Driving Schedule are shown rather than the whole cy-
cle, since thisinterval encompasses three representative velocity profiles and alows showing
datawithmoreclarity. Thisscheduleiscommonly used for evaluating light and medium trucks.

Thevehicle speed profileisshowninfig. 5(a), and thisisthe only input for aparticular
transient test run. Therest of the time-resolved profiles given in fig. 5 represent measurements
obtained in the EIL facility, and thus offer insight into interactions between powertrain subsys-
tems and components over an aggressive driving schedule. Figure 5(b) illustrates engine speed
and torque profiles. The engine speed history is much more dynamic than the vehicle speed his-
tory, due to interactions with the torque converter and the transmission. The engineis idling
while the vehicle is stopped. The torque profiles — see aso fig. 5(b) — display even more dy-
namic behavior, with very sharp and frequent fluctuations between rel atively low and extremely
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Figure 5. Results of the EIL test over a segment of the FTP75 driving schedule
(a) vehicle speed; (b) engine speed and torque, (c) boost pressure and air/fuel ratio, and
(d) instantaneous NOx and particulate concentration in the exhaust

high values. It isimportant to note that the torque fluctuations depend not only on vehicle pa-
rameters and driving conditions, but also driver aggressiveness in correcting errors. For in-
stance, in the process of addressing integration challenges, it was observed that the cyber-driver
with shorter preview had difficultiesfollowing the schedule accurately and often behaved more
aggressively, thus causing increased fluctuations of engine torque. Torque displays values
higher than zero during idling since the engine hasto overcomethe stall lossesin the torque con-
verter.

Figure 5(c) alows going one level deeper and characterizing behavior of the turbo-
charging system during transient in-vehicle operation, as well as the repercussions for the
in-cylinder conditions, namely the air-to-fuel (A/F) ratio. Every increase in engine command
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from the driver leads to increased fueling, higher enthalpy in the exhaust and thus increased
turbocharger speed. However, dynamics of the turbocharger rotor cause alag in the response of
the air-charging system, and this hasa profound effect onin-cylinder processes. A closer ook at
fig. 5(c) revealsagradual increasein boost pressure at theinitiation of thetransient dueto turbo
lag. Thisistypically accompanied with asmall dip inthe A/F ratio, e. g. around the 180 s mark
or a350 smark. The electronic fuel injection controller obviously sensesthe low boost pressure
value and limits the fuel; nevertheless, the instantaneous A/F values at the initiation of atran-
sient can be somewhat bel ow quasi-steady values observed immediately afterwards. Theinstan-
taneous NO, and particul ate emission trends are shown in fig. 5(d). The emissions profiles dem-
onstrate a very transient behaviour, with sharp high-frequency fluctuations. Particulate
concentration displays very large spikes. These spikes seem to be correlated with initiations of
sudden torque increases, but while A/F ratio is obviously an important factor, fluctuations of
particulate concentration are not strongly correlated with global A/F. More information is
needed to fully understand the transient emissions spikes and identify additional factors affect-
ing their magnitude.

Characterizing transient emissions

A close up of ashorter interval fromadrivecyclegiveninfig. 6 provides more details.
The instantaneous mass flow rates of particulates, derived from the fast differential mobility
spectrometer measurements during the interval between 30 and 46 s, are shown infig. 6(a). En-
gine command and the intake manifold pressure are plotted for the same time interval in fig.
6(b). The particul ate emissions are emphasized whenever there is a sudden increase of engine
load, particularly fromidle.
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Figure 6. Engine system behaviour during a 30-46 sinterval of the FTP75 vehicle driving schedule
(a) comparison of measured transient particulate mass emissions and predicted quasi-steady emissions,
(b) engine command and measured intake manifold pressure

Interestingly, the sharp spike of the particulate emission does not fully align with the
peak engine command. While the command often shows very rapid increases to 100%, the in-
take manifold pressure buildup is delayed due to turbocharger inertia, asillustrated in fig. 6(b).
Thisisaperiod of irregular conditions, wherethe engineair supply limitsthe amount of fuel that
can be burned. Whilethe electronic controller monitorsintake manifold pressureand its“ smoke
limiting” logic preventsinjection of excessive amounts of fuel, the instantaneous values of A/F
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ratio can still display instantaneous excursion bel ow values observed at more steady conditions
—seefig. 5(c). Thiswill be investigated further, along with other factors likely to play arolein
transient particulate emissions. Exhaust residual might still be present in the manifold even if
the exhaust gasrecirculation EGR valveisrapidly closed. Unfavorable pressure difference be-
tween the exhaust and intake manifold at theinitiation of theload increase can lead to increased
internal residual. Low boost implies reduced fresh charge velocity and poorer mixing. In sum-
mary, analysis of realistic engine operation in the vehicle indicates that transient departures
have the most effect on particulate emissions, since the phasing of instantaneous particle mass
(PM) spikes aigns well with the initiation of the load transient. The transient effect is most
prominent when sudden load increaseis initiated fromidle.

Quantifying the transient effect requires establishing a reasonabl e baseline first. This
is accomplished utilizing a simple engine model in Simulink and a map of steady-state engine
particulate emission measured in the sametest cell (or a“static” map). When transient speed and
fueling trajectoriesmeasured inthe EIL facility are provided to the Simulink engine model asin-
put, the emission histories corresponding to assumed quasi-steady conditions are obtained as
output. In other words, the quasi-steady baseline represents estimates of what the emissions
would have been had we marched through the driving schedul e point-by-point and allowed con-
ditionsto settle at every step. Thisbaselineis contrasted to real instantaneous measurements ob-
tained in the EIL facility, as shown in fig. 6(a). The spike of instantaneous particul ate emission
ishigher and it precedesthe quasi-steady predictions. The quasi-steady profile basically follows
theload, its peak aligning closely with the peak in boost pressure. This confirms the hypothesis
about irregular conditions at the initiation of the transient being the primary cause of transient
particle emissions. The transient contribution to the total emission during the given interval is
very tangible, astheintegrated areaunder the transient trace is much greater than the area under
the quasi-steady line. Consequently, the transient contribution can easily dominate the overall
emission trends in case of very aggressive driving conditions for a heavy vehicle, such asthose
specified by the FTP75 procedure. In fact, when the cumulative particul ate emissions are deter-
mined from both the transient measurements and the quasi-steady simulated trace, the results
show more than doubling of the soot emission dueto transients (seefig. 7). Consequently, deal-
ing with transients has to be part of any low-emission strategy, as more than half of the total
particulates can be attributed to irregular conditionsinitiated with rapid load increases. The dy-
namic aspects are al so important. The large transient spikes in soot emission are linked to black
smoke and they need to be addressed regardless of the total emission. In case the engine system
is outfitted with the diesel particulate filter (DPF), the spikes in soot concentration will deter-
mine dynamic loading of the filter and hence be a factor in development of regeneration
strategies.
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Figure 7. Comparison of measured cumulative
particulate emissionsin grams per mile (g/mi)
over a complete FTP75 driving schedule and
quasi-steady emissions, estimated under the
assumption of steady engine operation at
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The differential mobility spectrometry provides in-depth view of the soot emission
phenomena occurring during the rapid transient. Two sequences of particle size-number distri-
butions are shown in fig. 8, with a tenth of a second resolution. The first transient increase in
load illustrated in figs. 6(a) and 6(b) is captured with a sequence shown in fig. 8a. What really
stands out is an extraordinary increase of soot particle size. While near-idle operation was char-
acterized by relatively large numbers of very small particles (on average 10-15 nmin diameter),
the profilesare shifted towards diameter size of 100-150 nm at the onset of atransient —note the
logarithmic scale on the graph in fig. 8(a). Converting values for diameter to volume and mass
magnifiestherelative change; thusit is safe to say that the shift in particle size represents a puff
of smoke emanating from the exhaust manifold. Thefeatures of the particulate size distributions
change as the engine stabilizes somewhat at high load conditions. Thisis evident from the fig.
8(b), capturing the last part of thetransient event. Asthe engine stabilizes at high boost and high
fueling condition, the profilesmoveleft and start displaying atypical dual-mode shape observed
by other researchers at steady-state conditions [34]. In summary, features of particulate
size-number distributions confirm the strong effect of irregular in-cylinder conditions experi-
enced during rapid transients on soot formation. The conditions are unique, and lead to forma-
tion of very large particles, in contrast to typical dual-mode (nucleation and accumul ation) pro-
files expected at high-load diesel operation. Thisis consistently seen at every initiation of the
rapid load increase. The relevance of different factorsinfluencing particulate formation will be
explored further during a special tip-in test described in the next section.
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Reducing transient emissions: tip-in functions

To increase understanding of transient particulate emissions and establish guidelines
for designing drive-by-wire systems and hybrid powertrain power management strategies, load
tip-insfrom oneto nine bar break mean effective pressure (BM EP) were conducted at a constant
speed of 2000 rpm. The interval over which the engine command linearly increases was varied
from an instantaneous change to afive second tip-in, asillustrated in fig. 9(a). By changing the
rate at which pedal position is changed, this type of experiment demonstrates the impact of
driver aggressiveness and dynamic powertrain interactions on emissions. Analogously, in case
theengineisused in ahybrid propulsion system, apower management strategy aggressively op-
timized for fuel economy might introduce frequent step-changes of engine command. Compari-
son of the step-change with delayed tip-in cases will yield quantification of the transient emis-
sion penalty. Establishing the tip-in features that minimize transient soot is just afirst step in
addressing transient emissions at the powertrain system level. Fully characterizing conditions
leading to increased soot emissions will indicate most promising direction in future devel op-
ment of engine-level strategies, such asinjection, VGT or EGR control.

Particulate emissions during the load ramp-up are shown in fig. 9(b). The instanta-
neousincrease of engine command produces alarge spike in particul ate emissions at the begin-
ning of the transient. Its peak magnitude is over ten times greater than the final steady-state
value. The 2-second load ramp-up leadsto amoderate hump, while the 5-second tip-in virtually
eliminates any transient increase of particulates. The peak values in case of a 2- and 5-second
tip-in occur closer to the end of the transient. The instantaneous load step produces 41% more
particulate mass than the 5-second tip-in over the first ten seconds of theload change event. The
remaining graphs, e. g. figs. 9(c-h), shed more light on system response and conditions responsi-
blefor transient particulate emission trends. Asthe transient process begins, agreater volume of
fuel isinjected into the cylinder to create moretorque. Boost pressure, however, lagsfar behind,
as shownin fig. 9(c), and thus the injection controller attemptsto limit the fueling. A combina-
tion of boost pressure response and theinjection control module (ICM) calibrationlogiclimiting
mass of fuel injected during turbo lag produces torque histories shown in fig. 9(d). In case of a
step change of engine command, there is an almost instantaneous increase of torque up to
300 Nm and this indicates how much fuel can be burned at amost naturally aspirated condi-
tions. It takes an additional second for torqueto reach atarget value slightly above 400 Nm, and
thisisdictated by the availability of air for combustion. Dynamic interactions play out quite dif-
ferently in case of a 2-second tip-in, hence the target torque level is reached less than a second
after the zero-second tip-in case. The fact that most of the adverse effects disappear if thetip-in
isextended to only 2 sisencouraging. It indicatesthat acareful calibration of thetip-in function
in adrive-by wire system can produce similar torque response with a significantly reduced soot
penalty.

Figures 9(e) and 9(h) provide moreinsight into reasons for transient particulate emis-
sions penaty. Soot emissions are normally correlated to oxygen-starved regions within the cyl-
inder, and numerous processes contribute to more fuel-rich zones during the instantaneous | oad
step. Thefuel injection amount during thefirst couple of cycles after a step-changein command
(0's) overshoots abovethe boost-imposed limit, asindicated by the sharp spike of injection dura-
tion showninfig. 9(e). Thisobviously impliesan instantaneous spike of fuel-to-air ratio. Rapid
increasesin fuel injection pressure upon the onset of the instantaneous load step can cause spray
over-penetration. Theincrease and overshoot of the injection pressure at ~1 sinto the transient
following a step-changein command isevident in fig. 9(f). At the sametime, the momentum of
theincoming charge and swirl intensity are reduced, and thishas detrimental effect on mixing.
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Finally, the ratio between the exhaust backpressure and intake manifold pressure
shown in fig. 9(g) can be a significant contributing factor. High values of the p,,./p;, ratio ob-
served in the case of a step-change of load will cause significant increases in internal residual.
Phasing of peak p,,./p;, values correlateswell with peak particulate concentrationinfig. 9(b). In
addition, the external (recirculated) residual isrelatively high at the very beginning of the tran-
sient. The VGT settings are dynamically adjusted to reduce the target value of EGR from 20 to
10%, but the time-scal es of manifold filling limit the rate at which the composition can change.
Conseguently, residual concentration in theintake manifold remainsabovethefinal target value
during theinitial couple of cycles, asshowninfig. 9(h). In summary, acombination of instanta-
neous overshoot of the mass of fuel injected in the cylinder, and an increased presence of resid-
ual, particularly internal, lead to significantly increased particul ate formation in theinitial stage
of aload transient.

Relevance of findings

The EIL tests are currently the only reliable way to obtain deep insight into the effect
of engine/powertrain transients on diesel emissions and hence are an essentia tool in the quest
for devel oping clean and efficient propulsion for trucks. The advanced test cell capabilities cor-
relate engine state variables with transient emissions and offer guidance for reducing their mag-
nitude. This enables further work on expanding this knowledge and applying it for addressing
transient emissions with engine-level strategies (e. g. fuel injection, variable geometry turbine
and/or variable valve actuation and exhaust gas recirculation strategies) or vehicle level strate-
giessuch asdrive-by-wire systems, tail oring of thetorque converter or transmission characteris-
tics etc.

The vehicle-level analysis is particularly important in case of hybrid propulsion.
On-going work by authors aims to take advantage of the EIL capabilities and examine the be-
havior of the engineintegrated with different hybrid architectures, e. g. aparallel hybrid electric
system or a series hydraulic hybrid system. While hybrid systems offer more flexibility in con-
trolling the engine, optimizing the power management for fuel economy can lead to sharp load
increases. Hence, follow up work will use lessons learned in the EIL facility for optimizing the
trade-off between fuel economy and emissions at the vehicle level. Theimmersion of additional
hardware, e. g. hydraulic pump/motors and energy storage, will expand the EIL concept to
powertrain-in-the-loop studies and enable equal fidelity in evaluating transient behavior of
these sub-systems and components.

Conclusions

A real medium-duty diesel engine was immersed in the virtual vehicle system to de-
velop an EIL capability. In particular, an International 6 L V-8 DI diesel engine was integrated
with a4x4 driveline for a5 ton off-road truck with a four-speed automatic transmission. Two
critical enablers were an advanced, highly-dynamic dynamometer setup and a suite of vehicle
models with appropriate fidelity. The study emphasized the use of the EIL setup as aresearch
tool for addressing fundamental aspectsof transient diesel emissionsunder realistic driving con-
ditions. Hence, the EIL setup included advanced engine instrumentation for monitoring key en-
gineprocesses, aswell asafast NO, analyzer and afast particle sizer (differential mobility spec-
trometer). Therefore, detailed information about interactions in the powertrain system can be
correlated with transient emission trends.
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The EIL setup utilizes a Matlab-Simulink interface provided by the vendor of the dy-
namometer and the accompanying control system. The implementation uncovered several inte-
gration challenges, such as the signal noise and stability issues, time delay in signal processing
and inadequate cyber-driver response. Theseissueswere addressed by reversing the causality of
the torque converter model, the implementation of lead-lag filtering, and by introducing pre-
view in the driver model. The engine coupled to the virtual off-road vehicle system was tested
over the federal urban driving schedule. The analysis of results shows the following.

e Engine transients have very significant impact on instantaneous soot and NO, emission.
Large spikes of particulate emission are observed during initial phases of vehicle
acceleration events.

e Transient particulate emissions show thelargest departure from quasi-steady estimates at the
initiation of a sudden load increase from idle, thus causing advanced phasing of
instantaneous PM spikes. The conditions are characterized by turbo lag, i. e. low boost and
remnants of exhaust residual from preceding steady conditions.

e A very significant increase of average particulate sizeis consistently seen at theinitiation of
rapid increases of load.

e Anaysisof atransient caused by a step-change of engine command shows a sharp spike of
particulate emission. The spike contributes significantly to the cumulative emission.

e While numerous processes contribute to transient particulate emission, the combination of
the instantaneous overshoot of the mass of fuel injected, and an increasein internal residual
(due to very high instantaneous values of the pressure ratio between exhaust and intake
during turbo lag) and to a lesser extent external residual (due to time-scales of manifold
filling) seem to be dominant.

e Replacing the step-increase with atwo-second ramp virtually eliminates the transient effect
for a1-9 bar change of BM EP. Phase delay in torque response between a step-change and a2
second tip-inislessthan asecond, sinceturbo lag delays engine response to a step change of
load request.

e Transient effects are not visible in case of a 5-second tip-in.

Characterization of transients provides a basis for devising engine-level or vehicle
level strategies. An example of the former would be multiple fuel injections or advanced in-
take-air and residual handling; while the latter includes drive-by-wire strategies and hybrid
power management approaches. The analysis of tip-in functions can be directly utilized for de-
velopment of vehicle level strategies and development of advanced hybrid propulsion systems.
Virtual prototyping of the vehiclefacilitates rapid changes of the propul sion system architecture
and evaluation of a number of very different configurations, e. g. a hybrid electric power split
system or a series hydraulic hybrid system.
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