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Abstract

Due to a large number of degrees of freedom and connected powertrain functionalities, the development of operating strate-
gies for plug-in hybrid electric vehicles is an especially complex task. Besides optimizations of drivability, noise, vibrations
and harshness as well as energy efficiency, the main challenge lies in ensuring emissions conformity. For this purpose, test
vehicles are typically applied to achieve a realistic test and validation environment. However, operating strategy calibration
using test vehicles has the drawbacks, that (i) it is very time consuming and cost intensive, (ii) it can only be conducted
in late development phases and (iii) cannot be applied to reproducing driving loads for a valid comparison. To overcome
these issues, this paper presents a consistent engine-in-the-loop approach combining real engine hardware and multiple
software elements to represent PHEV behavior at the engine test bench. Thereby, an environment is created, which allows
for realistic, flexible, cost efficient and reproducible testing. The effectiveness of the presented framework is evaluated by
comparing relevant on-road measurements with their reproduction at the engine test bench. The results show that the vehicle
on-road behavior can be replicated using the described testing environment. Particularly engine start/stop behavior and load
levels—the core functionalities for operating strategy calibration—are matched. The proven level of realism in powertrain
behavior enables further use cases beyond on-road measurement reproduction, i.e. varying individual component properties
and observing real-world consequences at the test bench without the need for vehicle tests.
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1 Introduction

In the past years, plug-in hybrid electric vehicles (PHEV)
have attracted considerable attention in the search for alter-
natives to internal combustion engines (ICE) as means of
vehicular power sources [5, 6, 8, 11, 13, 14]. PHEVs can
be characterized as an intermediate concept between purely
electric vehicles (EV) and conventional hybrid vehicles
(HEV): Similar to HEVs and as opposed to EVs, PHEVs
utilize fuel that is burned in an internal combustion engine
as another source of energy than electricity stored in the
battery (high-voltage storage, HVS). However, unlike HEVs
and similar to EVs, a PHEV battery can be charged exter-
nally via a power outlet and the electricity grid. Combined
with a larger HVS capacity than for HEVs, standalone elec-
tric propulsion for longer distances is enabled, while some-
what limited in comparison with EVs [19]. For operation
exceeding the distance that can be covered electrically and
for phases of high power demand, the combustion engine
can be used as an alternative or additional power source.

The core instance that is responsible for the coordina-
tion of these power sources is the operating strategy. Typi-
cally, vehicle manufacturers offer a multitude of different
operating modes that can be selected automatically or upon
the driver’s demand. The most widespread types are charge
depleting (CD) and charge sustaining (CS) mode: In CD
mode, the PHEV is mainly powered electrically with the
combustion engine providing assistive power if needed,
which leads to decreasing HVS state of charge (SOC). In
this case, brake energy recuperation is the only source of
electricity for recharging the battery while the vehicle is
operated. In CS mode, the battery SOC is kept roughly con-
stant, which is achieved by more frequent and prolonged ICE
operation substituting electric operation [19]. Additionally,
the SOC can be actively raised by the ICE providing more
power than needed for vehicle propulsion and the electric
motor operating as a generator (battery control, BC). More
advanced control strategies can, for example, include predic-
tions of energy demand along the driven route [4, 9].

The multitude of operating states resulting from those
modes contributes to a significant increase in development
efforts compared with conventional vehicles, while develop-
ment time frames are at the same time continuously tight-
ened. Careful adjustments of complex control functions,
commonly referred to as calibration, have to be undertaken
to simultaneously achieve conflicting targets like maximum
energy efficiency, drivability and comfort levels, espe-
cially concerning noise, vibration and harshness (NVH).
Additionally, effective measures have to be taken to ensure
compliance with pollutant emission limits within the vehi-
cle type approval process. This especially complex task is
called emissions calibration and is the main driver behind
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this work. It covers tuning of all emissions relevant engine
control function parameters, particularly those responsible
for catalyst heating, engine start and after-start behavior as
well as lambda, i.e. air—fuel ratio, control. Using the fuel
consumption criterion as an example, a conflict of interest
typically encountered during emissions calibration can be
illustrated in more detail: To achieve minimal fuel consump-
tion, the ICE should be switched off for as long as possible.
During those phases of ICE inactivity, exhaust gas after-
treatment systems like three-way catalysts (TWC), which
require certain temperature levels for effective operation,
can cool down, leading to elevated tailpipe emission levels in
the beginning of subsequent phases of active ICE operation
[18] While this phenomenon typically occurs only once at
the start of the trip for conventional ICE-powered vehicles,
the PHEV operating strategy can lead to several of these
“cold start” events in a single trip, separated by phases of
electrically powered driving. Additionally, ICE assistance
is usually required in phases of high power demand, leading
to ICE operating points favoring high raw emissions and
therefore intensifying the described emissions problem even
further [12].

On top of the technical challenges of PHEV emissions
calibration, new legislative boundary conditions require
even more attention and effort: While standardized driving
cycles like the New European Driving Cycle (NEDC) [1]
nd Worldwide harmonized Light-duty Test Cycle (WLTC)
[21] have long been the reference for emission measurement
during certification and, therefore, also for powertrain design
and calibration, the recent legislative overhaul in the Euro-
pean Union in the form of the introduction of Real Driving
Emissions (RDE) [2] shifts the focus towards more diverse
and customer-centric driving profiles. Consequently, previ-
ously used criteria for the development of PHEV operating
strategies that were relying on fixed driving profiles, e.g. the
WLTC as a basis for the determination of fuel consumption,
may now lead to adverse tailpipe pollutant emissions results
in a randomized RDE test.

As a development environment for efficient and effec-
tive operating strategy emissions calibration, on-road vehi-
cle tests are not optimal but are currently used nevertheless
due to a lack of alternatives. While all necessary influences
are present by nature of the test, insufficient reproducibility,
high costs for measurement time and generally late vehi-
cle availability in the development process favor different
approaches [15]. Existing chassis dynamometers offer only
a partial solution: While testing conditions are reproducibly
controllable and the use of a complete vehicle as the test
subject ensures realistic test results, the issues of vehicle
availability and high costs for manual test execution remain.
Engine test benches, as they are used for the calibration of
conventional powertrains, can offer ways to overcome said
shortcomings. However, they need to be extended to allow
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for realistic operating strategy behavior without the presence
of the real vehicle and the multitude of sensors, actuators
and control units that entails. Coupling real powertrain hard-
ware with simulated components, engine-in-the-loop (EiL)
test beds are particularly well-suited for emissions investi-
gations at early development stages [3]. The availability of
a real engine as the main testing subject enables accurate
emissions measurements and analyses. Simultaneously,
additional simulation elements can provide realistic inputs
from, for example, driver, vehicle or environmental models.
With real and simulated parts continuously influencing and
reacting to each other, the information flow loop is closed.

Within this work, a simulation framework is introduced,
which consists of models of the electric motor, the HVS and
the operating strategy itself. The framework intends to sup-
plement the real ICE hardware on the conventional engine
test bench, enabling cost-efficient and reproducible, yet real-
istic PHEV operating strategy investigations for emissions
calibration purposes.

The paper is structured as follows: A description of the
proposed testing framework and its individual elements is
given in Sect. 2. Section 3 presents and discusses the results
that were obtained from a comparison between vehicle and
test-bed measurements. These serve as proof of concept for
the developed EiL environment and its ability to correctly
reflect real-world powertrain behavior. On this basis, tests
involving parameter changes within the operating strategy
or other powertrain components can be conducted at the
test bench, exceeding the use case of pure on-road measure-
ment reproduction. This enables far-reaching elimination of
vehicle tests altogether. As an example, the effects of modi-
fied torque demand thresholds for ICE start up are detailed
in Sect. 4. Finally, Sect. 5 contains a summary of the pro-
cedure, the conclusions that could be drawn and possible
future extensions of this work.

2 Framework

For recreating real-world PHEV driving scenarios at the
engine test bench, an interconnected framework covering
all relevant functionalities has been created. It can generally
be divided into a hardware domain consisting of the engine
and the test bench equipment, as well as a software domain.
For the latter, a modular approach based on individual simu-
lations of the electric motor, the high voltage storage and
a simplified representation of the operating strategy was
chosen within this work, enabling easy interchangeability
of individual components. Hereafter, each of these models,
which were created in MATLAB/Simulink and integrated
into the test-bed automation system, is described in more
detail.

As a first step towards shifting test efforts from vehicles
to the proposed EiL test bench environment, the individual
model reproduction quality is assessed. For this purpose, the
respective inputs are supplied directly from on-road meas-
urements. Thereby, testing framework component behav-
ior can be validated in a direct comparison before more
advanced tests of the complete framework are performed
(see Sect. 3).

As a basis for model validation, on-road measurements
have been conducted with a BMW 330e test vehicle. All
relevant hardware components at the test bench as well as
simulation model parameters that are used in this work and
reflect vehicle-specific properties match this reference vehi-
cle. For each model, affected parameters are described in
more detail below.

To evaluate the agreement between simulated and meas-
ured PHEV operations, a 65-min long test drive was con-
ducted. It resembles real-world driving behavior with vary-
ing traffic conditions and features a wide range of operating
conditions during phases of urban, rural and motorway driv-
ing as well as a transition from CD to CS operation. Thereby,
it contains all relevant aspects for emissions calibration
under RDE boundary conditions. Figure 1 shows the meas-
ured trajectories of throttle amplitude, vehicle velocity as
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well as SOC. All reference measurement data used for vali-
dation and in the corresponding figures have been recorded
during this driving scenario.

2.1 Test bench setup

The testing hardware is representative of a typical conven-
tional dynamic engine test bench at the BMW Group test
facilities. It is equipped with a Siemens load unit supporting
engine torque values of up to 400 Nm and speeds of up to
10,150 1/min and therefore enables realistic ICE operation
under all conditions. For ICE start-up, shutdown and idling,
a pneumatically operated clutch is used to separate the load
unit and the engine. The test subject is a four-cylinder gaso-
line engine of the same type as in the reference vehicle. All
testing equipment is controlled and monitored through the
automation system (FEV Morphee), which also runs addi-
tional simulations of, for example, the automatic gearbox.
Direct access for measuring functions and values within the
engine control unit (ECU) is given through the calibration
system (ETAS INCA), with a complex custom residual bus
simulation providing all necessary inputs for realistic engine
behavior.

2.2 Electric motor model

For this work, the most important characteristic of the elec-
tric motor is its power demand, which results from the oper-
ating point defined by torque and speed and leads to battery
discharge or charge. As a simplified modelling approach,
we have chosen to use a two-dimensional look-up table
containing measured data of electric currents over electric
motor torque and speed (see Fig. 2). The necessary data are
extracted from existing component validation measurements
of the electric motor used in the reference vehicle mentioned
above that are performed at component test benches at a con-
stant operating voltage of 320 V. Within the chosen speed
intervals of 500 1/min, a linear correlation between the

electric current and motor speed and torque, respectively,
can be assumed. For electric current determination, linear
interpolation between the measured data points stored in a
Simulink look-up table can therefore be used for accurate
data selection with low computational demand. The model
yields reasonably good agreement when simulated elec-
tric currents are compared with real driving measurements
(see Fig. 3). The qualitative signal behavior is replicated
accurately with a minor systematic underestimation of the
measured values by the model, the effects of which are dis-
cussed in Sect. 3. Combined with the ease of parametrization
and low computational demand, this makes for an attractive
method for simulating electric current drawn or provided by
the electric motor.

2.3 High-voltage storage model

The electric motor current causes the battery to be dis-
charged or charged, thereby affecting SOC, which is simu-
lated by the HVS model. It is based on an existing in-house
development and represented by an equivalent circuit model
consisting of resistors (R) and capacitors (C) that are con-
nected as depicted in Fig. 4. Since this structure is com-
monly found in many battery models and widely discussed
in literature, we direct the reader towards such sources for in-
depth descriptions [7, 10, 22—-24]. Within the work at hand,
this model was parameterized using BMW Group internal
data for U, (SOC-dependent curve), the resistances of R,
R,, Ry (mapped over SOC and electric current) as well as the
capacities of C, and C; (mapped over SOC and electric cur-
rent) to represent the reference vehicle HVS. These data are
provided by the respective BMW Group department. They
are based on battery cell measurements using stepwise dis-
charging and charging for open-circuit voltage determina-
tion as well as dynamic current pulses (current interruption
technique) to determine resistance and capacity values [7].
While the data are available for different HVS temperature
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Fig.5 HVS temperature as measured during a dynamic on-road driv-
ing scenario

levels of 0 °C, 25 °C and 40 °C, the HVS temperature is
regarded as a constant value of 25 °C within this work to
reduce storage space and simplify parameter handling. As
Fig. 5 shows, this is a justified assumption since the vehicle
battery cooling/warming system is working ideally under
normal conditions and is able to maintain HVS temperatures
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Fig.6 Comparison between measured and simulated SOC using the
measured electric current as input

between 25 and 29 °C during the recorded dynamic driving
scenario (see Fig. 1 for additional information).

Figure 6 shows a comparison of simulated and meas-
ured SOC trajectories during a dynamic real-world trip and
gives an indication of the HVS model performance. For this
evaluation, the model was directly fed with the current from
the electric motor as it was measured on the road. As the
comparison shows, the model is able to simulate the real
SOC trajectory qualitatively. An almost linearly increas-
ing quantitative deviation can be observed, accumulat-
ing to about 3.5% SOC at the end of the simulation. This
modelling error is assumed to be a consequence of both the
simplified model structure and the chosen temperature-inde-
pendent parameterization. Comparing Figs. 5 and 6, it can
be noted that deviations of SOC gradients are more appar-
ent whenever the actual HVS temperature is notably higher
than the modelled constant state of 25 °C, which supports
this assumption. These results show that particular attention
needs to be given to possible effects of different SOC values
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regarding powertrain behavior that might occur during a
direct comparison between vehicle and on-road tests within
the complete testing environment (see Sect. 3). However, the
observed SOC deviation can be regarded as a systematically
occurring error, which is always present when this model is
used. Repeated SOC modelling yields identical results with
the same SOC trajectory, enabling reproducible tests. For
test-bed exclusive tests without a vehicle reference, adverse
influences affecting reproducibility are therefore not to be
expected.

2.4 Operating strategy model

As the core instance for determining ICE and electric motor
operation mode as well as torque distribution and energy
management, the operating strategy plays a fundamen-
tal role in realistic powertrain behavior at the test bed. A
full replication of the respective functions running on the
vehicle hybrid control unit (HCU) in the test-bed environ-
ment would require additional simulations of a multitude
of signals and input data, which are not easily available,
or additional hardware to power the physical HCU, lead-
ing to considerable development effort and investments. For
the task at hand, it was therefore decided to use a reduced
model of the basic operating strategy (BOS), which, unlike
more advanced operating modes, does not depend on pre-
dictions of the driven route, for example, but contains only
the most important functions for the determination of ICE
start triggers and torque split between the ICE and electric
motor. The model implementation, including SOC mode
recognition, E-drive decision, SOC control and power split
described below, has been adopted from previous work [20].
Additional effort went into creating suitable interfaces for

Fig.7 Structure of the operating H

connecting to the previously described electric motor and
HVS models. Other model components such as component
thermal behavior and mechanical endurance estimation that
originate from the cited work have been removed as they
are not needed for the intended application described here.

Specifically, the resulting model covers the following
operating strategy functionalities:

e Automatic transition from CD to CS operation based on
SOC.

e BC operation based on user request.

e Triggering ICE start and shutdown based on driver power
demand, road inclination, driving velocity, driver accel-
eration demand as well as drivability and NVH restric-
tions (e.g. avoiding repeatedly starting the ICE within a
certain time window).

e ICE load point shifting for HVS charging or more effi-
cient overall operation.

e Short-term electric boost to support ICE operation.

e Brake energy recuperation.

e Drive mode (e.g. comfort, sport, electric) dependence of
the points mentioned above.

Figure 7 illustrates how the criteria listed above are han-
dled within the BOS model: All decisions are based on the
driver’s commands, i.e. the chosen powertrain modes and
torque demand, as well as the current powertrain state and
operating point.

As the top-level influence, these inputs determine whether
CD or CS operation is active. In the respective mode, the
decision about purely electric propulsion (e-drive) is based
on a comparison of the driver’s acceleration request with
pre-defined acceleration-velocity (a—v) curves as they are
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Fig.8 Schematic a—v curves for CD and CS mode

implemented in real vehicle HCU functions. As shown
schematically in Fig. 8, the ICE needs to operate when-
ever the current a—v values exceed the limits defined by the
curves. While the vehicle can be driven electrically at higher
velocities in CD mode, the velocity range is reduced in CS
mode to limit electric motor torque output and thereby SOC
consumption.

From the overall power demand and the determined ICE
state, the final decision regarding the power split between elec-
tric motor and ICE is made to achieve optimally efficient SOC
control. As soon as SOC reaches a lower boundary of the opti-
mal working range, HVS charging is activated to raise the bat-
tery energy reserve. The required charging power is generated
by requesting additional ICE torque (load point increase, LPI).
If, on the other hand, the SOC exceeds an upper boundary, the
recuperation function is suppressed to avoid battery overcharg-
ing and the requested ICE torque can be reduced (load point
reduction, LPR) to favor consumption of the energy stored
in the battery. In addition to the current SOC level, activa-
tion and power values for LPI and LPR depend on the overall
operating state of the vehicle, especially with regards to fuel
consumption. Following the approach introduced in [17], SOC
control is realized by evaluating the cost and future benefit of
a load point shift. At each time step k, the cost of LPI C; pi(k)
is defined as the extra fuel consumption caused by generating
additional battery energy, and is mathematically expressed as

mLPI(k) - mbas (k)

Crpi(k) = Prvs®

)

where riy py(k) and rir (k) are the fuel mass flow with and
without LPI respectively, and Pyyg(k) denotes the bat-
tery power. As described in [17], the predicted C; p(k) is
compared with the maximum allowed cost C,,,(k), which
depends on the current SOC level, and LPI is executed if

Crp1(k) < Cpax (k).

The lower the SOC(k) value is, the higher the tolerance
for extra fuel consumption becomes. Consequently, the
value of C_, . (k) is raised with decreasing SOC. Similarly,

max

the benefit of LPR B, pg(k) is defined as the reduction in
fuel consumption due to torque assistance from the electric
motor:

e () = Tty ()

with ri; pg (k) representing the fuel mass flow after LPR. LPR
is then executed if

Bypr(K) 2 Byyin (k).

Likewise, B,;,(k) denotes the minimum required ben-
efit for LPR and decreases with increasing SOC(k). For the
respective operating point at each time step, the required
fuel mass flow data for the calculations of cost and benefit
are taken from fuel consumption maps. These are based on
existing test-bed fuel consumption measurements for the
respective ICE and stored within the model in map-based
form. If the BC mode is active, the cost of LPI is neglected
and any ICE power reserve for battery charging is used to
raise the HVS SOC to the desired level.

Using the decisions made by the instances described
above regarding CD or CS operation, active or inactive
ICE and HVS charging or discharging, the driver’s power
demand as well as possible additional power requirements,
e.g. for LPI, are distributed between the electric motor and
the ICE. The following considerations influence the deci-
sion making:

e [f the ICE is running, maximum available ICE power for
the current ICE speed is read from a look-up table based
on ICE test-bed measurements. Consequently, this value
is set to zero for inactive ICE operation.

e If the driver expresses positive power demand through
throttle input and the ICE is running, this demand
is solely fulfilled by the ICE. In case of driver power
demand exceeding maximum ICE power, the electric
motor can supply additional boost power for a limited
time. As is the case for real HCU functions, maximum
boost power depends on the selected driving mode.

e [If LPI is requested, ICE power is raised and electric
motor power is reduced towards negative values, i.e.
recuperation. For LPR, electric motor power is raised to
reduce ICE load accordingly.

Both ICE and electric motor power demand result in new
target operating points that are transmitted to the respective
control units, thereby closing the control loop.

For application within this work, all relevant model
parameters have been adapted to match the chosen refer-
ence vehicle and its operating strategy. In particular, this
concerns SOC curves for CD/CS switching, a—v curves for
e-drive decision-making, and fuel consumption maps as well
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as Cp,, and By pp curves for LPI and LPR determination.
These data have been supplied by the BMW Group depart-
ment responsible for PHEV operating strategy development.
Additionally, basic vehicle information like vehicle mass
or powertrain power data was taken from internal vehicle
datasheets.

The principal functionality of the BOS model and its abil-
ity to correctly determine operating modes and power split
are validated in the original source [20]. Unlike the newly
applied electric motor and HVS model, we have deemed
additional separate BOS model validation as not required
within this work, since modifications that might cause devi-
ating behavior are restricted to the aforementioned parameter
changes. Instead, we will focus on validating the combined
framework and the interaction of all models at a later stage
(see Sect. 3). Any mismatching BOS model behavior would
become apparent there.

2.5 Combination of hardware and simulation

With the electric motor, the battery and the operating
strategy existing as individual models, the core PHEV

functionalities that are relevant for emissions calibration, i.e.
decisions about ICE start and load levels, can be simulated
using a combination of these elements in addition to operat-
ing real ICE hardware at the test bench. The complete setup
is depicted in Fig. 9. For the simulation validation measure-
ments, the signal flow is as follows: With a frequency of
10 Hz, the throttle values that were recorded during the test
drive are sent to the ECU via the test-bed automation sys-
tem. Similarly, the recorded rotational speed of the electric
motor, which equals that of the ICE in phases of active ICE
operation, is sent to the electric motor model as well as the
load unit speed controller. Additionally, on-road measured
vehicle speed (v) is fed into the operating strategy model.
As in the real vehicle, the throttle signal is interpreted by the
ECU, transformed into driver torque demand and sent to the
operating strategy for further evaluation. Based on the vari-
ous criteria listed above, the operating strategy determines
the torque split between electric motor and ICE and whether
the ICE should be running. In case an ICE start is required,
the respective signal is sent to the ECU via the residual bus
simulation. During the startup, engine speed is monitored
and once matching speed between ICE and test bench load

(Emissions, fuel
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unit has been reached, the clutch is closed, the engine oper-
ates normally and measurements of, for example, emissions
and fuel consumption can be made. Actual ICE torque is
fed back into the electric motor model alongside the torque
demand from the BOS (md) so that any deviations between
requested and delivered ICE torque can be compensated by
the electric motor. The resulting electric current (/) is used in
the battery model to determine the current SOC, which is in
turn used by the operating strategy for its decision-making.

3 Framework validation

Using the setup described above, a comparison between
a recorded test drive and its replication at the test bench
has been made regarding ICE and electric motor torque
as well as SOC progression. As opposed to the previously
discussed individual modelling results, this investigation
is intended to serve as proof of correct functionality of the
complete framework and its ability to accurately reflect
real-world PHEV powertrain behavior, which is the pre-
requisite for fully vehicle-independent testing at the test
bench. Only throttle and velocity information from the
on-road test are used, with all remaining signals being
determined online at the test bed. The obtained results are
described and analyzed in this section.

Plots depicting comparisons of on-road and test-bed
measurements contain a note regarding typical variation
ranges, i.e. the difference between maximum and mini-
mum value, of the depicted signals as observed during
tenfold repeated test execution. It is intended to serve as an
indicator of measurement reliability and is given as textual
information to maintain overall plot clarity.

3.1 ICE torque comparison

Comparisons between ICE torque measurements on the
road and at the test bench show generally close agree-
ment. As one example of a driving phase with active ICE
operation, Fig. 10 shows a roughly 6 min long excerpt
taken from on-road and test-bed measurements with an
ICE start occurring at the 2173 s mark. It includes the
most challenging aspects of ICE operation, which are
ICE start, transient operation, as well as shut down. In
this particular case, ICE start is triggered by high torque
demand during an acceleration maneuver and occurs at the
same time in both on-road and test bench measurement.
The simulated simplified operating strategy is therefore
indeed able to correctly reflect the behavior of its real-
world counterpart in the vehicle. ICE torque also closely
matches the values from the test drive with only minor
deviations being visible during the highly transient ICE
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Fig. 10 Comparison between ICE crank shaft as well as electric
motor torque during an excerpt of on-road and test-bed measurement

ramp-up and shut-off as well as occasionally in almost
stationary operation (2205-2250 s). Given the reproduc-
tion error for ICE torque that can typically be expected
for the throttle and ICE speed based control mode used
at the test bench and acknowledging non-identical envi-
ronmental conditions (temperature, air pressure, humidity,
etc.) between on-road and test-bed measurements, these
differences can be considered normal and not inherent to
the applied engine-in-the-loop methodology. This assess-
ment is based on the authors’ experience with similar tests
using the same control types but without the simulation
framework introduced here. Furthermore, only a minor
increase in reproduction quality has been observed with
the methodology applied in [16] of directly using recorded
torque values instead of throttle inputs and thereby bypass-
ing the ECU torque coordination logic. Considering the
comparatively small accuracy gain and the fact that using
prerecorded torque values counteracts the intended execu-
tion of vehicle-independent tests, the observed accuracy is
deemed sufficient. Both the torque demand that is deter-
mined by the operating strategy model and sent to the ECU
as well as the resulting delivered ICE torque can therefore
be considered to agree well with the reference values, sig-
nifying correct operation of the related functions.
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3.2 Electric motor torque comparison

Figure 10 also shows measured and simulated electric motor
torque during the same period of both inactive and active
ICE operation that is discussed above. During the period
with ICE standstill at the beginning of the depicted excerpt,
nearly exact agreement between on-road and test-bed elec-
tric motor torque measurements can be observed. This con-
firms correct operation and interaction between the ECU
determining overall torque demand and the operating strat-
egy routing it towards the electric motor as intended. Since
the demanded torque is almost completely delivered by the
ICE while it is active, the electric motor torque fluctuates
around zero, except for short moments of support operation
during transient maneuvers with high torque gradients and
the already observed phase of deviating ICE torque during
quasi-stationary operation. These interdependencies prove
the correct functionality of the connection between meas-
ured ICE torque, overall driver torque demand and modelled
electric motor torque.

3.3 SOC comparison

As previously discussed during electric motor and HVS
model validation, good agreement between simulated and
measured electric current, resulting from the delivered
torque, as well as state of charge, resulting from this cur-
rent, can be expected (see Figs. 3 and 6). Given the repre-
sentation of electric motor torque that has been described
before, consequentially, a comparison between the measured
and simulated SOC trajectories reveals close agreement (see
Fig. 11). In fact, the SOC values recorded during the test-
bed measurement show better agreement with the on-road
measurement than during HVS model validation (see Fig. 6).
In the test-bed measurement, the slightly faster SOC decay,
that had been previously observed when the HVS model
was fed with the measured electric current, is effectively
countered by the marginally lower electric currents provided
by the electric motor model (see Fig. 3). The observed effect
of these systematic errors cancelling each other out does not
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Fig. 11 Comparison between SOC during on-road and test-bed meas-
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necessarily occur when driving cycles with different condi-
tions during on-road measurement data acquisition are used
than in the shown example. Since the assumed causes for
the observed deviations during individual HVS and elec-
tric motor model validation, respectively, are of differing
nature, similar behavior of both effects effectively cancelling
each other out cannot be expected under all possible circum-
stances. For example, different HVS temperatures closer to
25 °C during the measured on-road test drive would have
led to faster measured SOC decay as modelled by the HVS
model. However, electric motor torque would not necessar-
ily have been influenced by these temperature changes and
would therefore lead to the same resulting SOC trajectory in
the test-bed measurement as pictured in Fig. 11. Under these
conditions, similarly close agreement as shown in Fig. 11
would not have occurred, thus inferring the given conclu-
sion. However, when exclusively comparing repeated test-
bed measurements of the same driving cycle, reproduction
quality, expressed by the shown variation range, remains
unharmed.

3.4 Conclusions

Overall, the obtained test-bed results can be regarded as
an accurate representation of the vehicle on-road behavior
despite the various simplifications that were made in the
models. The testing framework ability to reproduce the
measured vehicle on-road behavior is therefore confirmed.
This guarantees both reliability and interchangeability of
on-road and test-bed measurements and thereby lays the
grounds for vehicle-independent testing at the test bench.

4 Vehicle-independent parameter
variations

As described in the introduction, the main benefit of creat-
ing a test bench testing environment for PHEVs is not only
the accurate reproduction of previously recorded vehicle
measurements, but also the ability to conduct experiments
with dedicated parameter variations under otherwise con-
stant boundary conditions. With the proof of vehicle-like
powertrain behavior having been delivered above, effects of
these variations at the test bed can be expected to manifest
in vehicle tests under similar circumstances. This de-facto
reversal of the development flow during testing effectively
contributes to the targeted frontloading with a reduced use
of prototype vehicles.

To illustrate the possibilities the proposed methodol-
ogy offers, parameters within the operating strategy model
have been modified to investigate their effects on power-
train behavior. As an example, the torque demand thresh-
old for triggering ICE start has been slightly raised, which
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Fig. 12 Consequences of raised threshold for ICE torque support

should lead to more electric motor reliant operation. Fig-
ure 12 shows some of the effects: Up to 1350 s, no major
differences between the measurements with the original and
modified operating strategies can be observed. At this point,
however, a sudden drop in modelled SOC can be noticed in
the test with the modified operating strategy, leading to a
constant SOC shift of —2% from there on in relation to the
original values. As the root cause, a slightly delayed ICE
start request triggered by the modified operating strategy can
be identified: because the torque demand threshold has been
raised, the delayed ICE start requires the electric motor to
supply the driver’s torque demand for longer. Since a motor-
way acceleration occurred in the on-road measurements at
this time stamp, torque demand is high, which in turn leads
to high electric motor currents and rapid HVS discharge.
These SOC deviations cause an additional effect towards
the end of the measurement: At 3050 s in the measurement
with the modified operating strategy, its mode changes from
CD to CS. This is a direct reaction to the lower SOC level
and causes repeated ICE starts to maintain battery charge.
In the original measurements, this transition occurred
at 3388 s. Inevitably, ICE start and stop triggers are not
aligned between original and modified operating strategy
measurements up to 3700 s, where SOC agreement has
been restored. Again, this serves as an example of correct

interaction between the modeled and physical components,
with this EiL characteristic enabling use cases beyond pure
reproduction of previously recorded measurements.

Combined with the chosen structure of the framework
with its flexible approach for rapid interchangeability of dif-
ferently parameterized individual simulated components,
quick modifications within the operating strategy, and sim-
ple conversion between conventional and PHEV powertrain
testing environments for optimal measurement time use, the
presented methodology offers a promising basis for complete
independence of vehicle measurements. For the discussed
application in emissions calibration, the EiLL framework that
is introduced here, therefore, offers suitable performance at
low costs and setup effort and can effectively aid in tackling
increasing development efforts.

5 Summary and outlook

For effective holistic emissions calibration as it is required
to meet the exhaust emissions limits defined by the new
RDE legislation, PHEV powertrain behavior needs to be
accurately replicated within a test-bed environment. Simul-
taneously, development time and budget restrictions are
tightened, demanding efficient use of existing infrastructure
without further considerable investments.

As a possible response to these challenges, methodologi-
cal approaches for virtual representation of PHEV core ele-
ments at a conventional engine test bench are introduced
within this work. The required simulation chain consists
of models of the vehicle high-voltage storage, the elec-
tric motor as well as a simplified version of the operating
strategy. This way, an EiL platform is created that does
not require any additional hardware and therefore offers
both flexibility as well as cost efficiency. Measurements
conducted on the road and within the described test bench
environment show that decisions about combustion engine
start and load levels—the core operating strategy function-
alities—can be realistically reproduced at the test bench. The
resulting simulated electric motor torque, current and the
battery state of charge are shown to be in good agreement
with the measured real-world values. Interdependencies
between the individual components are reflected in a real-
istic manner, enabling efficient vehicle-independent testing
at the engine test bed.

All in all, the FiL setup offers a modular, flexible, cost-
efficient, yet accurate testing environment for analyzing
and optimizing a PHEV powertrain emissions behavior at
early development stages. As a future project, the described
simulation framework could be integrated even deeper into
the test-bed automation system road load simulation. This
would enable complete independence of existing vehicle
measurements since throttle and braking actuation would

@ Springer



258

Automotive and Engine Technology (2021) 6:247-259

automatically result in adequate acceleration and in turn
driving velocity values through online driving resistance
calculation. The need for previously recorded velocity tra-
jectories would thereby be eliminated.

As a competing approach, using physical representations
of control units and powertrain components, which have
been simulated within the scope of this work, could possi-
bly lead to even more accurate agreement between test bench
and real-world measurements. However, this would entail
a much more complex framework for accurate signal flow
requiring significantly higher efforts as well as additional
investment in test-bed hardware.
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