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Abstract
The calibration of conventional, hybrid and electric drivetrains is an important process during the development phase of any 
vehicle. Therefore, to optimize the comfort and dynamic behavior (known as driveability), many test drives are performed 
by experienced drivers during different driving maneuvers, e.g., launch, re-launch or gear shift. However, the process can 
be kept more consistent and independent of human-based deviations by using objective ratings. This study first introduces 
an objective rating system developed for the launch behavior of conventional vehicles with automatic transmission, dual-
clutch transmission, and alternative drivetrains. Then, the launch behavior, namely comfort and dynamic quality, is compared 
between two conventional vehicles, a plug-in hybrid electric vehicle and a battery electric vehicle. Results show the benefits 
of pure electric drivetrains due to the lack of launch and shifting elements, as well as the usage of a highly dynamic electric 
motor. While the plug-in hybrid achieves a 10% higher overall rating compared to the baseline conventional vehicle, the pure 
electric vehicle even achieves a 21% higher overall rating. The results also highlight the optimization potential of battery 
electric vehicles regarding their comfort and dynamic characteristics. The transitions and the gradient of the acceleration 
build-up have a major influence on the launch quality.
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Abbreviations
AWD  All-wheel drive
BEV  Battery electric vehicle
DCT  Dual-clutch transmission
ECU  Electronic control unit
EM  Electric motor
FWD  Front-wheel drive
ICE  Internal combustion engine
ICV  Internal combustion engine vehicle
PHEV  Plug-in hybrid electric vehicle

1 Introduction

Investigations on the driveability, especially of passenger 
cars, have been conducted for decades in the automotive 
industry. There are many different operation modes to be 
assessed: e.g., idle, engine start, tip in, tip out, launch and 

gear shifts [1]. Often, these tests are carried out by profes-
sionals with a high level of experience. Demanded by the 
increasing complexity and diversity of powertrains, suspen-
sions, steering and brake systems, the research on objectively 
characterizing the behavior of a vehicle has been widely 
studied [1–6]. Different tools and methods have been devel-
oped and applied [7–10]. While earlier studies were focus-
ing on the impact of the internal combustion engine (ICE) 
and its exhaust after-treatment systems [11], newer studies 
investigate all kinds of potential effects created by drivetrain 
components and their control strategies (e.g., transmissions 
and electric motors). Nowadays, objective rating systems 
are used for motorcycles [12], full-hybrids [13, 14] as well 
as commercial heavy-duty trucks [15, 16]. The main goal of 
these approaches is objectively identifying the optimization 
potentials in the hardware and control solutions to improve 
the driving experience. In order to reduce costs and test 
duration, it is helpful to reduce the number of measurements 
performed on a test track or in real traffic situations. Road-
to-rig solutions [17] or simulations [18] appear to be very 
promising. When using these methods, calibration engineers 
cannot rely on their experience to evaluate the driveability 
since important physical information is not perceptible (e.g., 
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longitudinal, lateral and vertical acceleration). Therefore, 
a robust and reliable objective rating system is required to 
transfer calibration work to test rigs and simulation tools.

The launch of a vehicle (also called drive-off, drive away 
or take-off) is critical in driveability assessments. It marks 
the transition from standstill to moving. There are usually 
no external sources of excitation such as vibrations due to 
road conditions or airstream. Thus, only the powertrain and 
its calibration are responsible for the perceived quality of 
the launch. For conventional and add-on hybrid vehicles, 
the combination of engine and launch element (e.g. clutch 
or torque converter) are the most influential components. 
The provision of torque at the crankshaft output during the 
highly dynamic launch phase is crucial, especially con-
sidering technologies like start-stop and turbochargers. 
Simulation models have been developed to calculate this 
transient behavior [19–21]. Manual transmissions require 
the driver to control the engagement of the clutch. There-
fore, the driver has a higher responsibility for the quality 
of the launch. With increasing application of dual-clutch 
transmissions (DCTs), the demand for optimal calibration 
of the clutch actuation during the launch is growing [22]. 
Hybrid and electric vehicles offer many new opportunities 
for optimizing the driveability, especially the launch quality. 
There are dozens of possible topologies and configurations 
[23, 24], each with its own advantages and disadvantages 
regarding performance, efficiency and driveability [25]. 
Battery electric vehicles (BEVs) and some plug-in hybrid 
electric vehicles (PHEVs) are usually considered to have a 
better launch quality due to their electric motor (EM) and 
the absence of launch elements. This study investigates the 
launch quality of four different drivetrains (including two 
internal combustion engine vehicles (ICVs), one PHEV and 
one BEV) and objectively quantifies the perceived quality of 
multiple launch maneuvers.

2  Objective Rating System

Subjective ratings given by experienced engineers build the 
foundation for all calibration processes [26]. These ratings 
will be recorded by the calibration engineer to evaluate the 
process. The basic idea of objective rating systems is to find 
physical and measurable key parameters that highly corre-
late with the subjective ratings. These correlations are used 
during a multiple linear regression analysis to find a suit-
able function that allows giving an objective rating. Fig-
ure 1 shows the method used: first, test drives have to be 
performed in order to obtain measured data and correspond-
ing subjective ratings. Afterward, this information has to be 
matched and transformed into an objective rating system. 
The rating system for launch maneuvers used in this study is 
based on the work presented in Refs. [27] and [28].

2.1  Rating Scale

This objectification method uses an adapted version of the rat-
ing scale introduced in Ref. [29]. It has been used and modified 
in many investigations in the automotive industry [30, 31]. In 
this study, it ranges from 2 (worst result possible) to 10 (best 
result possible). Figure 2 presents the color scheme that is used 
to visualize the results (see Sect. 4). Red indicates a low rating, 
while green indicates a high rating. The verbal expressions 
are used to introduce the rating system to new test drivers so 
that they have a better understanding of the numeric values. 
Objective ratings higher than 5 are acceptable for application 
in series cars while lower ratings are not acceptable in series 
application. Objective ratings of 5 represent a borderline case.

2.2  Key Parameters and Weighted Ratings

To calculate the objective ratings, key parameters have 
to be identified from the measured data. This study uses 

Fig. 1  Method of objectification based on subjective ratings and 
measurement data [27]

Fig. 2  Rating scale including numeric ratings, color scheme and ver-
bal expressions
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partially modified key parameters presented in Refs. [27, 
28]. In total, there are four key parameters: launch jerk 
KPjer, overall vibrations KPvib, response delay time KPdel 
and distance traveled in 3 s KPdis. The first two make up 
a comfort rating while the last two make up a dynamic 
rating. The key parameters are used in Eqs.  (1)–(4) to 
calculate their objective ratings (ORjer, ORvib, ORdel and 
ORdis). The variables c1,1 to c1,4 are used as offsets, while 
the variables c2,1 to c2,4 represent constant factors to the 
key parameters.

The values of c1,x and c2,x are the result of the correla-
tion and regression analysis described in Fig. 1, respec-
tively. The complete process, including information about 
the on-road investigations executed by multiple test driv-
ers, is described in detail in Ref. [27]. Figure 3 gives an 
overview of the four key parameters for an exemplary 
launch maneuver. They are described in Sects. 2.2.1–2.2.4.

The observation period begins when the accelerator 
pedal is pressed at t1 and ends after an additional 3 s (t4).

(1)ORjer = c1,1 + c2,1 ⋅ KPjer

(2)ORvib = c1,2 + c2,2 ⋅ KPvib

(3)ORdel = c1,3 + c2,3 ⋅ KPdel

(4)ORdis = c1,4 + c2,4 ⋅ KPdis

2.2.1  Launch Jerk

The first sensible shock before the vehicle starts moving 
(velocity > 0 at t3 in Fig. 3) is considered as the launch jerk. 
The corresponding key parameter KPjer is defined as the root 
mean square of the 1 to 10 Hz band filtered acceleration 
signal a1Hz–10Hz.

Between t1 and t3, the launch element in the powertrain 
starts to transfer torque. The elasticities have to be overcome 
[27].

2.2.2  Overall Vibrations

The time span between t1 and t4 is relevant to the overall 
vibrations while the vehicle is moving. The key parameter 
KPvib is defined as the root mean square of the 2 to 10 Hz 
band filtered acceleration signal a2 Hz–10 Hz.

In previous investigations, t4 was defined as the synchro-
nous point between engine crankshaft speed and transmis-
sion input shaft speed [27, 28]. Since in this study BEVs 
without separating clutches are also considered, the crite-
ria for t4 have been revised. In order to achieve comparable 
results, the end point is set to a fixed value of 3 s after the 
accelerator pedal is pressed.

2.2.3  Response Delay Time

When pressing the accelerator pedal, there is a time delay 
before the acceleration reaches a saturated level, which hap-
pens at t2 in Fig. 3. The key parameter KPdel is defined as the 
time difference between  t2 and  t1.

To identify t2, the maxima of the 10 Hz low-pass-filtered 
acceleration signal a10Hz,low have to be analyzed. A saturated 
level of acceleration is assumed if the current local maxi-
mum plus 20% of its value is higher or equal to the global 
maximum (between t1 and t4).

(5)KPjer =
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√
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Fig. 3  Key parameters and characteristic time steps of an exemplary 
launch maneuver for (a) normalized acceleration and velocity and (b) 
normalized distance and accelerator pedal
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2.2.4  Distance Traveled

The last key parameter is KPdis. It is calculated by integrating 
the vehicle speed v for the first 3 s after pressing the accelera-
tor pedal. In order to include the actual vehicle data into the 
rating, the torque to weight ratio TWR  of the vehicle is also 
considered.

Higher vehicle mass m and/or lower available maximum 
torque at the transmission input shaft TICE/EM,max lead to a 
higher KPdis and therefore to a higher objective ratings. This 
helps to take the expectations of the vehicle’s performance 
into account.

2.2.5  Weightings for Comfort, Dynamic and Overall Rating

After the objective ratings for each key parameter have been 
determined, they are transferred into comfort and dynamic 
ratings. As shown in Fig. 4, the objective ratings ORjer and 
ORvib are combined to form ORc, while ORdel and ORdis are 
combined to form ORd.

The merging of the ratings depends on the weighting coef-
ficients wc, wd and wo. The values of these coefficients vary 
between 0 and 1.

(9)KPdis =

t4

∫
t1

vdt ⋅
1

TWR

(10)KPdis =

t4

∫
t1

vdt ⋅
m

TICE/EM,max

(11)ORc = wc ⋅ ORjer +
(

1 − wc

)

⋅ ORvib

(12)ORd = wd ⋅ ORdel +
(

1 − wd

)

⋅ ORdis

(13)ORo = wo ⋅ ORc +
(

1 − wo

)

⋅ ORd

The weighting coefficients wc and wd depend only on the 
accelerator pedal position APP, while wo is additionally 
affected by the power to weight ratio of the vehicle.

With increasing accelerator pedal positions, the values 
of wc, wd and wo are decreasing. Vehicles with higher power 
to weight ratio will receive lower values for wo to meet the 
expectations on “sporty” cars. The weighting coefficients 
have been identified in Refs. [27, 28]. The results allow a 
comparison between multiple cars from different segments 
and powertrain classes. For example, a small A-segment 
vehicle (as defined by the European Commission [32]) with 
low power output could achieve the same overall rating 
compared to a sporty S-segment vehicle with higher power 
output. The rating system has been developed primarily for 
conventional powertrains using automatic transmission and 
dual-clutch transmission (DCT). Since the system does not 
require any specific signals or data that are exclusively lim-
ited to these powertrain configurations, it may also be used 
to investigate the launch behavior of hybrid and pure electric 
vehicles.

2.3  Usage of the Rating System

The rating system may be used for multiple purposes. Some 
of these purposes are A-B comparisons (like presented in 
this study), documentation and optimization processes.

2.3.1  A‑B Comparison

Comparing different vehicle classes, drivetrain systems or 
electronic control unit (ECU) calibration versions while 
keeping a standardized rating behavior is the key benefit 
of an objective rating system. Since the evaluation is based 
on technical parameters, the rating is more consistent and 
repeatable compared to a human-based subjective rating. 
As shown in this study, the rating system may be used to 
identify the unique behavior of different drivetrain systems. 
It could also be used to evaluate different ECU calibration 
versions during the development process of a vehicle.

2.3.2  Documentation of Calibration Process

An important aspect during the whole development process 
of a new vehicle, drivetrain system or component is the pre-
cise documentation of each step. For calibration engineers, 
the use of rating systems is a reliable way of documenting 

(14)wc = f (APP)

(15)wd = f (APP)

(16)wo = f (APP,PWR)

Fig. 4  Merging of the objective ratings into comfort, dynamic and 
overall ratings
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their work. This could be done as presented in this study 
by the use of graphical plots (see Sect. 3.1) and/or tabular 
values. Then, this information could be used in a revision 
process to recapitulate and verify the decisions made.

2.3.3  Optimization Process

The calibration of a drivetrain is an iterative process, during 
which multiple factors have to be considered. Objective rat-
ing systems can be one part of a complete toolchain, which 
helps to find the optimal calibration version. Figure 5 illus-
trates this process.

First, the design of experiments has to be defined. This 
includes the amount and quality of the tests. For example, 
if the goal is to optimize the launch behavior of an ICV, the 
control parameters used by the ECUs to influence the launch 
behavior have to be identified. Upper and lower limits, as 
well as a reasonable number of variations between these 
limits, have to be specified for all possible combinations 
of these parameters. The amount of variations depends on 
available time and resources. The tests could be executed 
on a test track, roller dynamometer or simulation software. 
After the tests are executed and evaluated using the objec-
tive rating system, a multifactorial empirical model has to 
be created. Afterward, a suitable optimizer algorithm has to 
be selected in order to find the best possible outcome (e.g. 
evolutionary algorithms). At last, the results have to be vali-
dated. During the whole optimization process, the objective 
rating system helps to evaluate hundreds of measurements 
in a consistent and reliable way.

3  Launch Maneuver Measurements

To achieve comparable results, the measurements have to 
fulfill certain criteria, so the following signals have to be 
recorded:

• Measurement time t
• Vehicle speed (of each wheel) v
• Vehicle longitudinal acceleration a
• Accelerator pedal position APP

Additionally, the following vehicle information have to 
be provided:

• Vehicle test mass m
• ICE/EM maximum power PICE/EM,max
• ICE/EM maximum torque TICE/EM,max

During the investigations, the accessible vehicle control-
ler area network has been recorded (including the signals 
mentioned above, as well as additional signals like engine 
speed and brake pressure). An acceleration sensor that was 
mounted onto the front passenger seat’s rail provided the 
longitudinal acceleration signal. This sensor has a sampling 
rate of 1000 Hz, which is required to achieve reasonable 
filtering and analysis of the highly dynamic vibrations dur-
ing the launch.

3.1  Test Procedure

The tests have been performed by the same human driver on 
a flat and paved test track with minimum unevenness. The 
weather conditions were kept as consistent as possible (no 
rain, dry road, air temperature between 20 and 25 °C, steady 
engine oil and coolant temperature). Each vehicle performs 
about 47 to 70 launch maneuvers. They are distinguished 
by two parameters: the accelerator pedal gradient APPg and 
the accelerator pedal steady end value APPs. Figure 6 shows 
these parameters for four exemplary launch maneuvers that 
are explained in the following paragraph.

Fig. 5  Optimization process chain using objective ratings
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ter plot
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The accelerator pedal gradient APPg is based on the 
time difference Δt and the accelerator pedal position dif-
ference ΔAPP, which is defined as 85% of the accelerator 
pedal position steady value APPs.

The factor of 85% is used to consider the real accelera-
tor pedal actuation behavior (see Fig. 7). After determin-
ing APPs and APPg, the respective launch events may be 
transferred into the map in Fig. 6b. This map is called 
“fingerprint” and is used to visualize the results of the 
objective rating (see Sect. 4.1). Each launch is represented 
by a dot (no. 1 to 4). The goal is to cover the fingerprint 
by 3 different accelerator pedal position gradients (slow, 
medium, fast) for 10 different end values of accelerator 
pedal position (10% to 100%). Higher coverage is desir-
able but not necessary. Since the tests are performed by 
a human driver, the actual accelerator pedal actuation 
will differ from the given theoretical examples in Fig. 6. 
Figure 7a shows the measured accelerator pedal position 
during the performed tests. Due to the acceleration of the 
vehicle, the driver cannot keep a constant gradient. The 
growth rate of the accelerator pedal position flattens until 
the APP reaches a steady value (APPs).

Figure  7b presents the coverage of the fingerprint. 
While the upper left half of the fingerprint (white area) 
includes most of the measurements, the lower right half of 
the map (gray area) includes only one measurement. For 
human drivers, it is barely possible to press the accelera-
tor pedal very quickly (high gradient) and then remain at 
a low accelerator pedal position. A driving robot has the 
potential to produce higher gradients at the steady end 
values of low accelerator pedal position, but this requires 

(17)APPg =
ΔAPP

Δt
=

0.85 ⋅ APPs

Δt

a test bench like a dynamometer. The steady end value 
APPs is held for at least 3 s to allow the key parameters 
KPvib and KPdis to be calculated (see Sects. 2.2.2 and 
2.2.4). After 3 s, the accelerator pedal may be released. 
The vehicle has to be stopped completely before the next 
measurement starts.

3.2  Test Vehicles

In total, four vehicles have been tested for this study: two 
ICVs (vehicles V1 and V2), one PHEV (V3) and one BEV 
(V4). They all represent different drivetrain concepts but 
belong to the same vehicle segment (C-segment medium 
cars) as defined by the European Commission [32]. Table 1 
shows important information of the test vehicles.

With the exception of V2, all vehicles feature front-
wheel drives (FWD). V2 features an all-wheel drive 
(AWD) system. There are different types of driving modes 
selectable by the driver. To keep the results as comparable 
as possible, the standard modes are selected. The selector 
lever of each car is set to “D”. V1 and V2 feature a start/
stop mode. Although it is an important technology to meet 
fuel consumption and emission requirements, it also artifi-
cially limits the launch quality. In this study, the capability 
of the actual drivetrain concept and its hardware is inves-
tigated. Therefore, the start-stop mode is switched off. V3 
offers a P2 PHEV. The vehicle’s concept features a per-
manent switched off ICE (especially at standstill) that will 
only be turned on if needed (higher power/torque demand 
than the EM can offer). Furthermore, V3 allows different 
hybrid modes (e.g., sport mode, pure electric mode and 
recharge mode). For this study, only the standard hybrid 
mode is considered. V4 also offers different selectable 
modes (e.g., eco mode) that influence the power output 
of the EM. Only the standard driving mode is considered.
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Fig. 7  (a) Measured accelerator pedal actuation and (b) correspond-
ing scatter plot

Table 1  Test vehicle information

Vehicle V1 V2 V3 V4

Segment C C C C
Drivetrain concept ICV ICV PHEV BEV
Power source diesel gasoline gasoline/electric electric
Driven axle FWD AWD FWD FWD
PWR (W/kg) 54 135 88 57
TWR  (Nm/kg) 0.167 0.237 0.175 0.167
Transmission DCT DCT DCT single speed
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4  Results and Discussion

In this section, the results of the objective ratings are pre-
sented and discussed. As described in Sect. 3.1, fingerprints 
are used to visualize the objective ratings. Each test vehicle 
will first be evaluated on its own and then compared to the 
baseline vehicle V1.

4.1  Fingerprints

The color scheme and rating scale of the fingerprints is 
explained in Sect. 2.1. The colored background is based on 
a 2-dimensional interpolation of the available data. It helps 
the viewer to identify areas of special behavior. If the vari-
ables APPs and APPg of multiple measurements are identical 
or within 0.8% respectively 16%/s deviation, the data points 
are combined to a pie plot in order to not overlap with each 
other. Additionally, the mean objective rating OR is given 
in the lower right corner of each fingerprint. This average 
value is calculated by using the interpolated background 
data. Therefore, it is not dependent on an evenly distributed 
amount of measurements.

4.1.1  Vehicle 1 (ICV, Diesel, FWD)

V1 is powered by a conventional diesel engine linked to a 
DCT and using FWD. It represents the baseline drivetrain 
and will be compared to in Sect. 4.1.5. Figure 8 shows the 

objective ratings of 70 measurements for the four key param-
eters ORjer, ORvib, ORdel and ORdis as well as the combined 
weighted ratings ORc and ORd.

The rating ORjer (Fig. 8a) shows “good” results for low to 
medium pedal positions; while positions above 60% result 
in lower ratings between 6 and 7. ORvib (Fig. 8b) shows 
better results in areas of higher positions. The combined 
comfort rating ORc (Fig. 8c) shows an average rating based 
on the weighting coefficients. The dynamic defining param-
eters ORdel (Fig. 8d) and ORdis (Fig. 8e) show a more het-
erogeneous result. While the delay during lower accelerator 
pedal positions is “good” to “very good”, positions higher 
than 60% lead to partially “deficient” results. The distance 
traveled in three seconds is “deficient” in low APP areas up 
to 30%. Above that, the results are “sufficient” to “satisfac-
tory”. The weighting of these two parameters depend on 
the accelerator pedal position APP. At low pedal positions, 
the delay is weighted higher and vice versa. Therefore, the 
resulting combined rating ORd (Fig. 8f) does not show defi-
cient results.

4.1.2  Vehicle 2 (ICV, Gasoline, AWD)

According to Table 1, V2 has a higher power to weight ratio 
and torque to weight ratio. It also features an AWD. Thus, it 
is considered a sporty car. The results of 61 measurements 
in Fig. 9 show some differences compared with V1.

While the comfort-relevant parameters show “deficient” 
results during and around full load (Fig. 9a–c), the dynamic 
parameters have higher ratings than V1. Especially, the 

Fig. 8  Objective ratings of vehicle 1 (V1) for the parameters (a) 
ORjer, (b) ORvib, (d) ORdel, (e) ORdis, as well as the combined ratings 
(c) ORc and (f) ORd

Fig. 9  Objective ratings of vehicle 2 (V2) for the parameters (a) 
ORjer, (b) ORvib, (d) ORdel, (e) ORdis, as well as the combined ratings 
(c) ORc and (f) ORd
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parameter ORdel (Fig. 9d) shows “sufficient” and “satisfac-
tory” behavior for APP higher than 60%. In addition, the 
average rating for ORdis is higher (Fig. 9e) than that for 
V1. Since the overall rating has a higher weighting on the 
dynamic rating ORd (Fig. 9f) for high APP values, the nega-
tive contribution of the comfort rating ORc is small in this 
area (see Sect. 4.1.5).

4.1.3  Vehicle 3 (PHEV, Gasoline/Electric, FWD)

V3 is a PHEV with an EM between the gasoline engine and 
the dual-clutch of the DCT (P2 hybrid). Thus, it represents 
a combination of conventional and pure electric vehicles. 
Before each launch, the ICE is switched off and will only 
start if the torque demand is higher than a certain threshold. 
Therefore, low accelerator pedal position launches are simi-
lar to launches in BEVs. Figure 10 shows the results of 47 
measurements for V3. The comfort rating ORc (Fig. 10c) has 
the same average value compared to V1. However, while the 
distribution of ORjer is similar (Fig. 10a), there is a hot spot 
around the full-load area of ORvib (Fig. 10b). As expected 
for a vehicle with an electric drive unit, the delay ORdel 
(Fig. 10d) shows the results of “very good”, with an aver-
age rating of 8.4. On the other hand, the average rating for 
the distance traveled in three seconds is lower compared to 
V1 (Fig. 10e) but is more unevenly distributed. High values 
for APP over 80% show “good” results, while low values 
for APP up to 40% show “insufficient” results. The dynamic 
rating ORd (Fig. 10f) shows “good” results with an average 
rating of 7.9.

4.1.4  Vehicle 4 (BEV, Electric, FWD)

The last vehicle is V4. This BEV features an EM and a sin-
gle-speed transmission without a launch element. Its power 
to weight ratio and torque to weight ratio are very similar 
to that of V1 (Table 1). Figure 11 shows the results of 60 
measurements for V4.

The average comfort-relevant ratings (Fig. 11a–b) are 
“satisfactory” to “good”. During high load, there is a ten-
dency to stronger jerks and vibrations throughout the meas-
urements that lead to medium ratings. The average combined 
rating ORc (Fig. 11c) is equal to that of V1 (Fig. 8c). The 
ratings for ORdel (Fig. 11d) are very close to that for the 
hybrid vehicle V3 (Fig. 10d). Since the results for ORdis are 
“very good” to “excellent” at high values for APP (Fig. 11e), 
the average rating ORd is the highest of all tested vehicles 
(Fig. 11f).

4.1.5  Overall Ratings and Difference Plots

In this section, the overall ratings ORo are shown for all four 
test vehicles (Fig. 12). The results are based on Eq. (13). 
Additionally, Fig. 13 shows the differences of ORo for V2, 
V3 and V4 compared to the baseline vehicle V1. Since all 
vehicles are series cars, it is expectable to have overall rat-
ings above 5. The average rating for V1 is 7.1 with clear 
deficits for APP higher than 60% (Fig. 12a). V2 has slightly 
better results at higher loads (Fig. 12b). The third vehicle 
shows a homogenous distribution of ratings with close rat-
ings between 7 and 8 (Fig. 12c). The best overall results are 

Fig. 10  Objective ratings of vehicle 3 (V3) for the parameters (a) 
ORjer, (b) ORvib, (d) ORdel, (e) ORdis, as well as the combined ratings 
(c) ORc and (f) ORd

Fig. 11  Objective ratings of vehicle 4 (V4) for the parameters (a) 
ORjer, (b) ORvib, (d) ORdel, (e) ORdis, as well as the combined ratings 
(c) ORc and (f) ORd
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found for V4 (Fig. 12d). Especially, the results for high loads 
are “very good” to “excellent”. The average rating is 8.6.

The difference rating ΔORVn,x,y is calculated by subtract-
ing the interpolated data of V1 ORV1,x,y from the interpolated 
data of the analyzed vehicle ORVn,x,y at each data point.

According to Fig. 13, mainly at higher accelerator pedal 
positions V1 is outperformed by the other test vehicles. At 
medium accelerator pedal positions, V2’s results are slightly 
worse (Fig. 13a). V3 shows the same or better ratings with 
an average improvement of 0.7 grades (Fig.  13b). The 

(18)ΔORVn,x,y = ORVn,x,y − ORV1,x,y

clearest differences can be observed for V4 in Fig. 13c. The 
BEV performs better ratings with average improvement of 
1.5 grades.

4.2  Discussion

The results have shown clear advantages of electrified driv-
etrains regarding the objectively quantified ratings, espe-
cially for the dynamic-relevant parameters. However, these 
electrified vehicles have some potential for improvements. 
The comfort ratings during high load launches have shown 
“deficient” (V3) and “borderline” grades (V4). Since the 
dynamic ratings are more important at high accelerator pedal 
positions, the overall ratings are not negatively influenced 
by the comfort ratings. The driver is subconsciously paying 
more attention toward the performance instead of concen-
trating on a smooth launch. Comfort and dynamic typically 
form a trade-off. The improvement of one will often result 
in the deterioration of the other. However, it is possible to 
optimize the control parameters of the ICE, EM and trans-
mission ECUs to improve the overall rating. The improve-
ment heavily depends on the initial calibration.

The results provided by the objectification tool can 
be used for evaluation during an optimization process as 
described in Sect. 2.3.3. Possible adjustable control param-
eters for ICVs and PHEVs with DCTs are clutch pressure 
gradients, clutch slip and the corresponding crankshaft and 
transmission input shaft speeds. These parameters can be 
varied in several combinations using fitting optimization 
algorithms. Closing the clutch while keeping the engine 
speed low will usually result in a smoother launch but 
poorer dynamic behavior. Allowing the engine to increase 
the crankshaft speed before engaging the clutch typically 
leads to a short delay but also produces higher torque and 
therefore a higher peak acceleration.

An important task during launches with P2 hybrids is 
the restart of the ICE and incorporating it into the power 
flow by closing the separating clutch without sensible jerks. 
On the other hand, BEVs do not require clutches and there-
fore offer less significant adjustable parameters compared 
to ICVs and PHEVs. Since V4’s comfort rating at higher 
accelerator pedal positions shows some deficits, it could be 
suggested to smoothen the edges during the torque increase 
in order to reduce the launch jerk. To perform the described 
optimization process, complete access to the ECUs has to 
be provided by the manufacturer. During this study, only 
CAN data could be recorded. Therefore, no changes could 
be made to the ECU’s control parameters to optimize the 
launch behavior.

Figure 14 shows a comparison of full-load launches 
(APPs = 100% and APPg = 1000%/s) of each test vehicle. 

Fig. 12  Overall ratings ORo for the vehicles (a) V1, (b) V2, (c) V3 
and (d) V4

Fig. 13  Difference plots of the overall ratings ORo referred to the 
baseline vehicle V1 for (a) V2, (b) V3 and (c) V4
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The time steps t1 to t4 are the same as described in Fig. 3. 
They are used to calculate the key parameters (see Sect. 2.2).

Figure 14a shows the normalized 10 Hz low-pass filtered 
acceleration signal measured at the passenger seat’s rail. 
The BEV (V4) reaches its maximum acceleration within 
less than 0.5 s with an almost vertical increase. The PHEV 
(V3) needs approximately 0.3 s longer with a similar shaped 
increase. However, at 1.5 s there is a drop of acceleration 
resulting from synchronizing the restarted ICE. V2’s accel-
eration reaches a local maximum at 0.4 s and then drops by 
40%. The acceleration starts to increase again and reaches 
the time step t2 1.5 s after pressing the accelerator pedal. 
The acceleration increases further to its absolute maximum 
at 2.1 s. V1’s acceleration also shows a similar behavior 
as V2’s. Within the first 0.5 s, there is a noticeable oscil-
lation of the signal. A saturated level is reached at 2.9 s. 
While the maximum acceleration of V1, V3 and V4 are very 
similar, V2 shows a much higher acceleration. This is real-
ized mainly by the AWD system, which allows a greater 
traction force to be transmitted to the road. In Fig. 14a, 
the earlier described potential for optimization is shown. 
Both electrified vehicles profit from a smoother transition 
between standstill and maximum acceleration. Additionally, 
the PHEV shows deficits when engaging the ICE into the 
power flow that leads to lower comfort ratings. V1’s and 
V2’s comfort could also be improved by reducing the oscil-
lation during the first 0.5 s. It is important that these changes 
do not negatively affect performance.

In Fig. 14b, the normalized distance divided by the TWR 
according to Eq. 9 is given. The distance traveled after 3 s 
shows that with regard to the TWR, V4 achieves the highest 
result. V2’s and V3’s results are close to each other while 

V1 has the lowest result. Since the TWR of V1 and V4 are 
identical, this means the distance traveled by V4 is almost 
twice as far. This demonstrates the benefits of electrified 
drivetrains compared to turbocharged diesel engines com-
bined with DCTs. The time step t3 is also given in Fig. 14b. 
It is the point of time when the velocity is greater than zero 
(measured by speed sensors at the wheels). V2 and V4 reach 
this point almost at the same time. V3 and V1 need 0.1 s and 
0.2 s longer, respectively. The acceleration during t1 to t3 is 
used to calculate KPjer. The timespan between t1 and t4 is 
relevant to KPvib. Therefore, the early drop of acceleration of 
V2 is negatively influencing the ORjer, while the synchroni-
zation of the ICE of V3 is negatively influencing the ORvib.

5  Conclusions

First, an objective rating system, designed to quantify the 
perceived quality of vehicle launches, has been introduced. 
This system has been slightly modified from its original ver-
sion to be used for electrified drivetrains like PHEVs and 
BEVs. The study has introduced the calculation of the rel-
evant key parameters and their weighting in order to achieve 
objective ratings for comfort, dynamic and overall results.

Second, the results have been presented in the form 
of fingerprints that show the objective ratings for the key 
parameters and their combinations. The results show clear 
advantages of electrified drivetrains compared to their con-
ventional counterparts. The average overall rating for the 
PHEV is 0.7 points higher (10%) compared to the diesel 
engine ICV. The BEV shows an even better performance 
with 1.5 points more (21%) than the baseline vehicle. In 
particular, the dynamic parameters benefit from the quick 
response of the electric motor. The comfort, especially dur-
ing high load launches, shows room for optimization.

Lastly, an overview of potential adaptable parameters 
to optimize the launch behavior has been given. The used 
methods proved to be valid in comparing conventional and 
electrified drivetrains. To detect minor differences between 
pure electric vehicles, a specific objective rating system for 
this purpose should be designed in the future.

Funding Open Access funding enabled and organized by Projekt 
DEAL.

Compliance with Ethical Standards 

Conflict of interest On behalf of all the authors, the corresponding au-
thor states that there is no conflict of interest.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 

2

3

1 4
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