
energies

Article

Analysis of Driving Dynamics Considering Driving Resistances
in On-Road Driving

Jingeun Song 1 and Junepyo Cha 2,*

����������
�������

Citation: Song, J.; Cha, J. Analysis of

Driving Dynamics Considering

Driving Resistances in On-Road

Driving. Energies 2021, 14, 3408.

https://doi.org/10.3390/en14123408

Academic Editor: Giovanni

Lutzemberger

Received: 4 May 2021

Accepted: 6 June 2021

Published: 9 June 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 School of Automotive Engineering, Kyungpook National University, Sangju 37224, Korea; sjg@knu.ac.kr
2 Department of Automotive Engineering, Korea National University of Transportation, Chungju 27469, Korea
* Correspondence: chaj@ut.ac.kr

Abstract: Internal combustion engine emissions are a serious worldwide problem. To combat this,
emission regulations have become stricter with the goal of reducing the proportion of transportation
emissions in global air pollution. In addition, the European Commission passed the real driving
emissions–light-duty vehicles (RDE-LDV) regulation that evaluates vehicle emissions by driving
on real roads. The RDE test is significantly dependent on driving conditions such as traffic or
drivers. Thus, the RDE regulation has the means to evaluate driving dynamics such as the vehicle
speed per acceleration (v·apos) and the relative positive acceleration (RPA) to determine whether
the driving during these tests is normal or abnormal. However, this is not an appropriate way to
assess the driving dynamics because the v·apos and the RPA do not represent engine load, which
is directly related to exhaust emissions. Therefore, in the present study, new driving dynamic
variables are proposed. These variables use engine acceleration calculated from wheel force instead
of the acceleration calculated from the vehicle speed, so they are proportional to the engine load.
In addition, a variable of driving dynamics during braking is calculated using the negative wheel
force. This variable can be used to improve the accuracy of the emission assessment by analyzing the
braking pattern.

Keywords: on-road driving test; driving dynamics; driving resistance; vehicle speed per positive
acceleration; relative positive acceleration

1. Introduction

Greenhouse gas and air pollutant emissions are two of the most important issues
currently discussed in the automotive market. Particulate matter and nitrogen oxide are
mainly emitted from road transport sources and are key reasons for establishing strict reg-
ulatory policies on exhaust and greenhouse gas worldwide [1–3]. These regulatory policies
have encouraged the development of emission-reduction technologies for automobiles.
However, they could not prevent the use of a special software that could detect emission
test mode and change its driving pattern to meet emission levels [4]. As a result, there is a
significant difference between the amount of exhaust gas that is emitted during certification
tests and that is emitted during on-road driving [5–7]. Therefore, the European Union
has developed and applied the real driving emission–light-duty vehicles (RDE-LDV) test
method that measures and evaluates exhaust while driving on actual roads.

The RDE-LDV uses the portable emissions measurement system (PEMS). This system
is installed in a vehicle to measure the exhaust gas emitted as it moves on a road. Since this
method evaluates vehicle emissions while driving on actual roads under random traffic
and/or weather conditions, it has the advantage of measuring emissions under realistic
driving situations. In addition, it does not allow automobile manufacturers to target specific
driving conditions by setting up controlled driving strategies. However, because of these
random conditions, all the emission data from on-road driving are not considered valid.
The RDE tests must fulfill standard test procedures and driving conditions for their results
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to be accepted as valid. When compared to conventional driving, if a test shows excessive
exhaust emission due to abnormal acceleration or deceleration or minimal exhaust emission
due to soft driving, the results would be considered invalid. Ro et al. [8] also pointed out
that the on-road driving exhausted 2.1 to 6.9 times higher emissions than the conventional
driving tests. In determining the validity of the test data, parameters that represent driving
dynamics are defined, such as vehicle speed per positive acceleration (v·apos) and relative
positive acceleration (RPA). This validity determination strategy rules out the test cases
that contain excessive or abnormal driving conditions due to the operator’s driving habits
or traffic conditions [9–11].

Despite these considerations, there are still doubts regarding the reasonableness of the
evaluation of emissions under on-road driving conditions. For example, exhaust emissions
from a vehicle running at a constant velocity on a flat road differ from the emissions from
a vehicle running on a hill at the same constant velocity [9,12], but the RDE standard
driving dynamics analysis regards these two driving conditions as the same. Skobiej and
Pielecha [13] were also aware of a need of a better way to evaluate the exhaust emission
for on-road driving tests. In addition, the current RDE standards only address driving
dynamics since they focus on driving conditions. However, fuel consumption is also
affected by braking. Therefore, additional analysis of driving dynamics under a braking
condition is required to estimate the degree of braking under on-road driving conditions.

In the present study, the real driving test was conducted according to the RDE stan-
dard procedure. The driving dynamics results of the current analysis method (focusing on
acceleration) and of a new analysis method (considering all driving resistances) were com-
pared. The present study also suggests a new method to estimate driving dynamics during
braking that can be used to analyze the effect of the braking pattern on exhaust emissions.

2. Real Driving Emission Test Methodologies
2.1. Real Driving Emission Test Vehicles and Routes

The tested vehicle was a passenger car with a 1.6 L 4-cycle turbocharged gasoline
direct injection engine and a 7-speed dual clutch transmission. The maximum engine
power was 134.2 kW and the maximum torque was 264.8 Nm. Table 1 summarizes the
vehicle specifications. The curb weight was 1470 kg, but the driver, the PEMS, and batteries
to supply power to the measurement system were added to the final weight. The PEMS
were used to acquire the driving and exhaust data during the on-road driving test. The
system consisted of an exhaust gas analyzer, a global positioning system (GPS) measuring
device, and an on-board diagnostics (OBD) connector that measured exhaust gas and
vehicle driving information in real time at a velocity of 1 Hz. It acquired the data from each
sensor and performed time alignment [14,15]. Although the PEMS is a portable exhaust
gas measuring device with a simple structure, a previous study verified the reliability of
its measured data by simultaneously measuring the exhaust data with a constant volume
sampler system used in the chassis dynamometer [16,17]. Table 2 summarizes the exhaust
gas analyzer specifications of the system.

Table 1. Specifications of the test vehicle.

Vehicle Specification Characteristics

Type/Production Year Sedan/2018
Engine 1.6 L T-GDI I4

Max. power 134.2 kW
Max. torque 264.8 Nm

Emission regulation ULEV
Drag coefficient 0.272

Overall width/height 1.865 m/1.475 m
Mass 1790 kg

Tire pressure 0.2344 MPa
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Table 2. Specifications of PEMS.

Item Principle Range

CO Heated NDIR 0–8 vol. %
CO2 Heated NDIR 0–18 vol. %
NOx NDUV 0–3000 ppm

Exhaust flow rate Pitot flow meter 0–670 kg/h

Figure 1 shows the driving route and altitude information utilized in this study. Ac-
cording to RDE standards [18], the driving route must include urban, rural, and motorway
roads sequentially, and the distance ratio and velocity of each section must be within a
specified range to be accepted as a valid test. The test vehicle entered the urban area on the
right side of the map and drove approximately 27 km from the starting point. Afterward,
it drove on rural roads, moving from right to left on the map, for approximately 35 km.
Finally, the vehicle drove the motorway section, moving from the left to the top right of
the map, for approximately 30 km. The driving route configuration met the distance ratio
criteria. The start and end points had similar altitudes [19], with a gentle uphill slope in
the rural section and a gentle downhill slope in the motorway section.
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Figure 1. Real driving test route and altitude.

2.2. Analysis Methods

After the driving test is conducted according to specified test procedure and driving
conditions, the results must be verified per RDE standards. Data completeness and nor-
mality are verified through the moving average window (MAW) and the power binning
method. If the test results are determined as valid, carbon dioxide (CO2) amounts measured
during the real road test and measured under the worldwide harmonized light vehicles
test procedure (WLTP) mode are compared to correct exhaust emissions.

The present study focused on data analysis, the step before final exhaust emission
correction. In on-road driving data analysis, the MAW method configures consecutive
average windows of a certain distance at one-second intervals intervals from the starting
point to the end point. It also verifies the completeness and normality of the driving
data based on the average velocity and exhaust data in each window. The distance of the
window is determined so that the CO2 emission in the window is the same as half of the
total CO2 emission by the test vehicle in the WLTP mode.
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Vehicle velocity data were obtained from the GPS and the OBD, and they were judged
to be reliable since they were nearly the same [17]. However, since the GPS signals were
occasionally disconnected in some areas, this study used the velocity data acquired from
the OBD for the analysis. Since the acceleration resolution calculated from the velocity data
was not high enough (ares > 0.01 m/s2), the velocity data was smoothed with a T4253H
filter (as suggested in the RDE regulation). The altitude data were obtained from the GPS at
1-s intervals. The interval of altitude data was then converted into 1 m of vehicle movement
to calculate the slope of the road. The converted altitude data were not high in resolution,
so they were corrected through a two-step smoothing process. The v·apos (m2/s3 or W/kg)
and RPA (m/s2) were used as parameters for analyzing the driving dynamics. In v·apos,
v refers to the vehicle velocity (m/s) and apos refers to the vehicle acceleration (m/s2)
that exceeds 0.1 m/s2. The unit is (W/kg), referring to the power per unit mass (specific
power). RPA was calculated separately for the urban, rural, and motorway sections with
the following equations:

RPAk =
∑j

(
∆t ×

(
v × apos

)
j,k

)
∑i di,k

(1)

where
j: 1 to Mk
i: 1 to Nk
k: urban, rural, motorway
∆t: time step (s) (=1 s)
di,k: distance covered in time step i considering the urban, rural and motorway

shares (m)
Mk: number of samples for urban, rural and motorway shares with apos
Nk: total number of samples for urban, rural and motorway shares

3. Results and Discussions

The present study analyzed the on-road driving data with the MAW method to check
the completeness and normality of the data. The driving dynamics of the vehicle were
analyzed by calculating the v·apos and RPA according to the method suggested by RDE
standards. Afterward, various driving resistances, such as air drag or rolling resistance,
were calculated. A new vehicle speed per acceleration (v·aeng) and RPA were calculated
using these driving resistances. These new driving dynamics variables were then compared
with the existing results. Finally, one more new parameter (v·aneg) that can evaluate the
driving dynamics during the braking process was suggested. This was done by identifying
when the engine does not generate power (e.g., inertial driving or braking).

3.1. Data Analysis According to the Real Driving Emission Standard

The present study verified the completeness and normality of the real road test results
according to the MAW method. The MAW method uses the average velocity in each
window to identify urban, rural, or motorway roads. The window with an average velocity
of less than 45 km/h is defined as urban. The window with an average velocity of 45 km/h
or more, but less than 80 km/h, is defined as rural. The window with an average velocity
of 80 km/h or more, but less than 145 km/h, is defined as motorway. In Figure 2, the
CO2 emissions per unit distance is plotted on the CO2 characteristics curve. The dot data
on the graph are the CO2 emissions per unit distance (g/km), calculated by dividing the
CO2 emissions in each window by the moving distance. The black solid line is the CO2
characteristic curve based on CO2 emissions in WLTP mode, and the two pairs of gray
dotted lines refer to the primary and secondary allowable limits. The data within the
primary limits are defined as normal testing conditions. Data equal to or higher than
the primary limit and below the secondary limit are defined as severe testing conditions,
and data equal to or lower than the primary limit and above the secondary limit are
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defined as soft testing conditions. In other words, a higher CO2 emission per unit distance
is considered a more severe condition. If a datum point falls outside of the secondary
allowable limits it is considered invalid in the data correction process.
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As is shown if Figure 2, all the urban data were in normal conditions. However, a
significant portion of rural data in the 70–80 km/h section were in the severe testing condi-
tion or outside of the allowable limit. Although most data were in the normal condition
in the motorway section, some fell in severe testing conditions. Table 3 summarizes the
quantitative analysis of the data. In the MAW method, the driving distance ratios in the
urban, rural, and motorway sections must be configured to be about 34%, 33%, and 33%,
respectively, and none can be less than 15%. As is shown in Table 3, the driving distance
ratios in the urban, rural, and motorway sections were 34%, 43%, and 23%, respectively.
This met the completeness requirement since all were 15% or more. The normality criterion
states that at least 50% of the data should be in the normal condition in each window. The
rural section showed the lowest normal data rate and was at 54%. This demonstrated that
the test data met the normality requirement. Therefore, the on-road driving data fulfilled
all validity criteria required by the MAW method. The severity index parameter checks the
deviation of data from the CO2 characteristic curve and indicates a severe driving condition
when the value is high. As is shown in Figure 2, most datum points fell above the black
solid line, indicating a positive severity in all driving windows. The rural section had the
highest record of 27.33% as most datum points fell in the severe driving condition area.

Table 3. Validity criteria required by the MAW method.

Completeness Normality Severity Index

Urban 0.34 Valid 1 Valid 5.32%
Rural 0.43 Valid 0.54 Valid 27.33%

Motorway 0.23 Valid 0.82 Valid 12.63%

The validity of the driving dynamics was also checked. There are two representative
driving dynamics in RDE standard: v·apos and RPA. Figure 3a,b shows the graphs that
confirm the validity of v·apos and RPA, respectively. The urban, rural, and motorway
sections were based on spontaneous velocity instead of average velocity. The urban section
was defined as 60 km/h or less. The rural section was defined as between 60 km/h and
90 km/h, and the motorway section was defined as more than 90 km/h. Figure 3a defines
the v·apos corresponding to the top 95% in each section (urban, rural, and motorway) as
v·apos_(95). It defines the average v·apos in each window as v·apos_(mean). Each small
gray dot represents individual v·apos values, and the solid black line is the highest line that
v·apos_(95) should not exceed for this test to be recognized as valid. The driving time in the
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urban section was longer than in the other sections and showed more frequent acceleration
and deceleration due to traffic signals. Therefore, more data exceeded 0.1 m/s2 (=apos) and
were displayed on the urban section than on the other sections [20]. The driving duration
was relatively short in the motorway section, and the speed change was not large when
compared with the other sections. Therefore, only a small number of data were displayed.
Since v·apos_(95) and v·apos_(mean) contain the multiplied velocity term, they increase
as velocity increases. The test vehicle drove below the upper limit during the whole test
procedure, and it was judged that there was no excessively severe driving from the aspect
of the driving dynamics.
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The lower limit of acceleration was set for the RPA in Figure 3b to check validity
of driving dynamics. The RPA was obtained by summing the v·apos calculated in each
driving section and dividing it by the moving distance in the section. Due to this, the
highest value was shown in the urban section since it had the largest data set even though
the v·apos_(mean) was small. Since the data in the rural and motorway sections were not
significantly different, the RPA was determined according to the v·apos_(mean). The actual
road driving test conducted in this study confirmed that the PRA was above the lower
limit in all windows.

Table 4 summarizes the quantitative analysis results for the data. According to RDE
standard, the valid moving distance ratio in the urban section is 29–44% and 23–43% in the
rural and motorway sections. All the ratios were in the valid range. Since the range of the
total valid driving period is 90–120 min, 107 min of it was valid. As is shown in Figure 3a,
the amount of data in each section were the highest at 1259 in the urban section and the
lowest at 351 in the motorway section. The analysis confirmed that this test had satisfied
all the validity criteria required by the RDE standard.

Table 4. Trip information analysis.

Average
Speed

Trip
Distance Trip Share Trip

Duration
Number

of Bin

Urban 25.33 km/h 27.49 km 29.87% 65.12 min 1259
Rural 79.84 km/h 34.84 km 37.86% 26.18 min 483

Motorway 109.63 km/h 29.69 km 32.27% 16.25 min 351
Total - 92.02 km 100.00% 107.55 min 2093
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3.2. Driving Resistances

Ruling out excessive exhaust emission test cases (due to excessive power) and minimal
exhaust emission test cases (due to unusual cruising speeds), both of which deviate from
typical driving patterns, are the reasons behind verifying the validity of driving dynamics
in on-road driving tests. Therefore, driving dynamics must reflect engine load, which
is directly related to exhaust emissions. However, since the v·apos calculated by the
conventional method does not reflect the deceleration and acceleration due to external
forces, it is difficult to say that it represents engine load. For example, air resistance at
a higher velocity is greater than that at a lower velocity, even under the same cruising
driving conditions with zero acceleration, and it requires a higher engine load. The load
that the engine faces even differs when driving uphill and downhill at the same speed.
Therefore, the driving dynamics calculation must consider these driving resistances to
reflect the engine load. Figure 4 depicts standard driving resistances applied to a moving
vehicle, and the resistances have the following correlation.

Fw = Rd + Rr + Rg + Ra (2)

where
Fw: wheel force (N)
Rd: drag resistance (N)
Rr: rolling resistance (N)
Rg: gradient resistance (N)
Ra: acceleration resistance (N)
This section calculates the driving resistances of the test vehicle and compares them to

examine how these resistances (other than acceleration) affect engine load.
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3.2.1. Air Resistance (Ra)

The air resistance applied to a vehicle is calculated as follows:

Rd = 0.5CdAρv2 (3)

where
Cd: drag coefficient
A: full projected area (m2)
ρ: air density (kg/m3)
v: vehicle speed (m/s)
The drag coefficient (Cd) of the test vehicle used in this study was 0.272, and the full

projected area (A) was assumed to be 80% of the product of the vehicle’s overall width and
height. The PEMS measured the air density (ρ) and velocity (v).

Figure 5a shows the air resistance calculated using Equation (3) over a wide vehicle
velocity range. Since the air resistance is proportional to the square of the vehicle velocity,
it rapidly increased as the velocity increased. Air resistance was approximately 283 N at
100 km/h.
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3.2.2. Rolling Resistance (Rr)

It is difficult to find an accurate formula to calculate rolling resistance because tire size,
tire type, and even road conditions affect it. It is known that rolling resistance generally
increases as the vehicle weight increases, as the tire inflation pressure decreases, and as the
velocity increases [21,22]. Since the vehicle weight and inflation pressure were fixed in this
study, the parameter that affected the rolling resistance was the vehicle velocity, and it was
calculated using the equation below [23].

Rr = (Csr + Cdr(v/100)2.5) × Wcosθ (4)

where
Csr = −514.7(Ptire/100)3 + 53.72(Ptire/100)2 − 1.877(Ptire/100) + 0.03051
Cdr = −793.1(Ptire/100)3 + 83.98(Ptire/100)2 − 2.977(Ptire/100) + 0.03759
v: vehicle speed (km/h)
W: vehicle weight (N)
θ: road gradient (deg)
Ptire: inflation pressure (bar)
The equation uses the road gradient because wheel load varies according to the road

gradient. The road gradient was calculated using the altitude data (see Figure 1) obtained
with the GPS. Figure 5a shows the rolling resistance calculated with Equation (4) over a
wide vehicle velocity range. Although the rolling resistance was much higher than the
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air resistance in low-velocity sections (approximately 180 N), it increased slowly as the
velocity increased. It was surpassed by the air resistance at the velocity of approximately
88 km/h. The rolling resistance was roughly 233 N (about 83% of the air resistance) at
the vehicle velocity of 100 km/h. Due to this tendency, the rolling resistance variation
throughout the test process was very small compared to the other resistances. For example,
the air resistance increased by about 283 N when the velocity increased from 0 km/h to
100 km/h, while the rolling resistance only increased by approximately 66 N. The changes
in gradient resistance and acceleration resistance were much larger. Therefore, the wheel
force in Equation (2) was mostly affected by the gradient resistance and the acceleration
resistance, while the impact of the rolling resistance was relatively small. As mentioned
above, it is difficult to find an accurate formula to calculate the rolling resistance, so the
calculation accuracy can be poor. However, the error from calculation inaccuracy is also
relatively small because of its small impact.

3.2.3. Gradient Resistance (Rg)

The gradient resistance is the resistance caused by the vehicle weight. It depends on
the slope of the road. It becomes a resistance on an uphill slope and an acceleration force
on a downhill slope, as the following equation shows.

Rg = Wsinθ (5)

where
W: vehicle weight (N)
θ: road gradient (deg)
Figure 5b shows the road gradient converted from the GPS altitude data. It also shows

the gradient resistance calculated using Equation (5). The maximum road gradient in the
driving route was about 3.8◦ (6.6%), and its gradient resistance was about 1160 N. The
maximum road gradient on a downhill was about −3.2◦ (−5.6%), and its acceleration
force was about 980 N. The gradient resistance on a typical road gradient of 1◦ (1.7%) was
approximately 306 N, higher than air resistance or rolling resistance at 100 km/h [24].

3.2.4. Acceleration Resistance (Ra)

Acceleration resistance is a force needed for vehicle acceleration (rather than a resis-
tance) and is calculated with the following equation:

Ra = ma (6)

where
m: vehicle mass (kg)
a: vehicle acceleration (m/s2)
The graph in Figure 5c depicts the measured acceleration and the acceleration resis-

tance. The maximum acceleration that occurred during the driving test was about 2.0 m/s2,
and its acceleration resistance was approximately 3600 N. This was much larger than the
other resistances. Deceleration by braking was controlled within −3 m/s2, except for one
sudden braking event at 73 min in the graph.

During the entire driving process, the variation ranges in air resistance, rolling resis-
tance, gradient resistance, and acceleration resistance were ±233 N, ±57 N, ±1078 N, and
±1825 N, respectively. Acceleration resistance showed the largest variation range, even
though only positive acceleration was considered. Rolling resistance showed the smallest
range. This indicates the impact of the wheel force on the calculation. While the rolling
resistance does not significantly affect the result even when using a constant value, the
acceleration resistance or gradient resistance must be calculated. The air resistance also
requires an accurate calculation.
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3.2.5. Wheel Force (Fw)

Conventional methods calculated v·apos and RPA using the acceleration (a) of the
acceleration resistance. However, since this study aimed to evaluate the driving dynamics
based on the load applied to the engine, a new characteristic acceleration was calculated
by dividing the wheel force (calculated in Equation (2)) according to the relationship
of force = mass times acceleration in Equation (6). Here, the wheel force was the force
delivered from the engine through the transmission. Therefore, this new acceleration was
defined as the engine acceleration (aeng) and the v·aeng calculated with it can be considered
the vehicle’s specific power.

3.3. Data Analysis Considering Driving Resistances

Figure 6 shows the v·aeng and RPAeng. Since v·aeng considered the air resistance,
rolling resistance, and gradient resistance (in addition to the acceleration resistance), the
values were generally larger, as is shown in Figure 6a when compared to Figure 3a. In
particular, since the air resistance sharply increased as velocity increased, the v·aeng_(95)
increased to near the upper limit in the motorway section.
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This tendency is clearly demonstrated in Figure 7, which shows the v·aeng_(mean)
for each driving resistance. As was explained above, the v·a by air resistance sharply
increased as the vehicle moved from the urban section to the motorway. However, the
v·a by acceleration resistance in the urban section was not significantly different than in
the motorway section even though it had a multiplied velocity term. This indicates that
vehicle acceleration in the urban section was larger than that in the motorway section.
This was also different to the v·apos in Figure 3a that used vehicle acceleration, too. In
Figure 3a, the v·apos_(mean) increased as the vehicle speed increased. The reason for
the difference between the v·a by acceleration resistance and the v·apos is that while the
v·apos excluded vehicle acceleration of 0.1 m/s2 or less, the v·a included even negative
acceleration if the aeng was larger than 0.1 m/s2. This can also explain the significantly
higher data frequency in Figure 6a than in Figure 3a. For the v·a by rolling resistance, the
acceleration by rolling resistance did not change much as explained above. However, the
v·a by rolling resistance increased as velocity increased since the velocity was multiplied.
The v·a by gradient resistance was a characteristic of the driving route. As is shown in
Figure 1, the rural section had positive v·a values by gradient resistance because it was a
gradual uphill section. However, the v·a values were negative in the motorway section
because it was a gradual downhill section.
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Similar to the v·aeng, the RPAeng showed a tendency to increase when compared
to the conventional calculation method. The RPA in Figure 3b was high in the urban
section, and it decreased as velocity increased since the number of valid datum points
decreased. However, the PRAeng in Figure 6b did not decrease but even increased with
velocity increase because it had more valid datum points. Since the v·aeng and the RPAeng
are new parameters defined in this study, it was not feasible to apply existing upper and
lower limits to them. It is necessary to establish new allowable limits suitable for the
new parameters.

It was checked how the newly defined v·aeng reflected the actual engine load charac-
teristics (compared to the existing v·apos) by comparing its relationship with CO2 emissions.
Since CO2 emissions are proportional to fuel consumption, and higher fuel consumption
indicates higher power, checking the relationship between v·a and CO2 is practically the
same as checking the relationship between v·a and engine power. Although fuel consump-
tion is not exactly proportional to engine power since the ignition timing and/or injection
strategy are dependent on driving conditions, a linear relationship of some degree was
expected. Figure 8a shows the relationship between the v·apos and CO2 emissions. As the
graph shows, the v·apos increased as the CO2 emission increased and had a linearity level of
0.5244 based on the determination coefficient (R2). As explained in Section 3.2.4, the v·apos
that considered only acceleration resistance can show some level of linearity since it had
the most impact among the driving resistances on the calculation of wheel force. However,
the data became more distributed as CO2 emissions increased, and it became more difficult
to identify a correlation. Figure 8b shows the relationship between the v·aeng and CO2
emissions. Compared to Figure 8a, Figure 8b displays a clear linear relationship without
data distribution even as CO2 emissions increased. Since the determination coefficient of
0.7815 was closer to 1 than the coefficient of 0.5244 from the conventional calculation, it
was determined that the v·aeng reflects engine load characteristics better than the v·apos.

3.4. Driving Dynamics during Braking

So far, the process has focused on analyzing the driving dynamics while the driver
steps on the accelerator. All driving resistances were considered to calculate wheel force,
and only positive wheel forces were used in the driving dynamics analysis. Driving dy-
namics calculated through these procedures were used to determine whether the on-road
driving test was under severe or soft testing conditions. Thus, it was possible to rule out
these unusual test cases that could lead to wrong exhaust emission results. However, in
reality, braking also affects exhaust emissions. For example, severe braking dissipates sig-
nificant kinetic energy, so a large amount of fuel is required to compensate for it. Therefore,
it is necessary to analyze the braking dynamics, in addition to the driving dynamics, to
accurately evaluate exhaust emissions.
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It was possible to analyze the driving dynamics during braking by using negative
wheel force out of the wheel force calculated above. Since the characteristic acceleration
(calculated by dividing the negative wheel force by the vehicle mass) is negative, this study
defined the absolute value of this acceleration as the negative acceleration (aneg). The graph
in Figure 9 demonstrates the v·aneg. As is shown in the graph, the number of v·aneg data
was large in the urban section because both acceleration and deceleration frequently occur
in urban driving. On the other hand, the number of datum points was relatively small
in the rural and motorway sections because the brake was rarely used. In addition, most
data in these sections remained below 10 W/kg, which means that the aneg values were
very small.
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Figure 9. Verification of driving dynamics for braking.

The overall scale of the v·a under braking conditions was not much different from the
v·aeng or the v·apos scales. The graph in Figure 10 compares the scales of the v·aeng and the
v·aneg for each section. The hollow marks in the graph represent the data of the on-road
driving test case of this study. The graph also shows the v·apos for reference. The filled
marks represent the data of the additional nine on-road driving test cases (for a total of
10 test cases) of various routes in addition to the route shown in Figure 1 (for a total of
three driving routes). All test cases used the same vehicle. Figure 10b demonstrates that
while the v·aeng_(mean) and the v·aneg_(mean) values were almost the same in the urban
section, the v·aneg_(mean) values were much smaller than the v·aeng_(mean) values in the
motorway section. This is due to the fact that the driver was forced to continuously press



Energies 2021, 14, 3408 13 of 16

on the accelerator pedal to maintain the velocity on the motorway since the air and rolling
resistances were large. In contrast, there were few cases where the driver was required
to step on the brake pedal since the traffic flow was smooth on the motorway. Figure 10a
shows the 95th quartile data and indicates that the v·aeng_(95) and the v·aneg_(95) values
were similar to each other on the motorway. This is a kind of error caused by the lack
of valid v·aneg data in the motorway section. The amount of data from the motorway
section shown in Figure 6a was large, but the amount in Figure 9 was relatively small. In
addition, most of the v·aneg data were distributed below 10 W/kg. However, some data
had a high value of 25 W/kg or greater, since the motorway was a high-velocity section
and the v·aneg values increased sharply even when the aneg values only increased slightly.
Accordingly, the 95th quartile data were overestimated by the small number of large values,
although the average value was low. Due to this error, the v·aeng_(95) and the v·aneg_(95)
values were almost the same. For the same reason, the deviation between the tests of the
v·aneg_(95) in the rural and motorway sections (the filled marks on the graph) was also
very large. In the case of aeng_(95), the data of all tests were concentrated within the range
of ±5 W/kg, regardless of the driving route. However, the datum points of the v·aneg_(95)
were distributed over a wide range of up to ±18 W/kg.
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These deviations in braking dynamics between tests are also presented in the average
values. In the urban section, drivers must use a brake to decelerate. In rural or motorway
driving, on the other hand, some drivers may prefer to slow down naturally through
inertial driving without using brakes. Because of these differences in braking patterns,
braking dynamics showed the larger deviation than driving dynamics. Although the
current RDE standard evaluates driving validity based only on acceleration, not controlling
for the braking dynamics can cause inaccurate evaluation of exhaust emissions because of
the braking pattern differences.

The total energy (v·a_(total)) consumed by driving and braking in each section of
the on-road road driving test was calculated by adding all data in Figures 6a and 9.
The unit of an individual datum point was (W/kg), but since each datum point was
acquired at 1-s intervals, the unit of their sum can be considered as (kJ/kg). The graph in
Figure 11 shows the total energy consumed for driving and braking in each section, as well
as the ratio of the braking energy to the driving energy. In Figure 11a, v·aeng_(total) is the
total energy consumed for driving in each section. It was 8.6 kJ/kg in the urban section,
10.4 kJ/kg in the rural section, and 9.8 kJ/kg in the motorway section. The large deviation
between the tests was due to driving route differences. The total energy required for each
driving route was similar. For example, the two lowest v·aeng_(total) values in the urban
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and rural sections were from the same driving route. On the other hand, v·aneg_(total)
was the total energy lost by braking. It showed a tendency to gradually decrease as the
vehicle velocity increased; 4.8 kJ/kg in the urban section, 1.9 kJ/kg in the rural section,
and 1.1 kJ/kg in the motorway section. This was due to the small number of valid datum
points in the motorway section. A driver was less likely to brake on a motorway than in an
urban section, as confirmed in Figure 9. Therefore, the amount of energy lost by braking
was less on the motorway.
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As is shown in Figure 11b, the ratios of the energy lost by braking to the energy used
for driving were 54%, 18%, and 7% in the urban, rural, and motorway sections, respectively.
The deviations between the 10 test cases were ±5% or less. For the urban driving, the
deviation between the tests from 49% to 57% is very small. However, for the motorway
driving, the data distribution from 2% to 12% is relatively large compared to the values.
The acceptable range of deviation between tests is not known yet. In the future work, the
relation between the exhaust emission and braking dynamics will be analyzed and the
acceptable range of the deviation will also be clearly defined.

4. Conclusions

The present study conducted on-road road driving tests with a passenger gasoline
vehicle according to RDE standards, and driving data were acquired with the PEMS.
The data analysis process applied a new method of analyzing driving dynamics that
considered all driving resistances to improve the conventional driving dynamics analysis
method that utilizes acceleration only. This study also proposed a method of analyzing
driving dynamics during the braking process. The conclusions drawn from this study are
presented below.

• The newly calculated v·aeng values are generally larger than the existing v·apos values
because they reflect air, rolling, and gradient resistances in addition to acceleration
resistance. For the same reason, the RPA values are also larger overall when compared
to the conventional method. Therefore, it is necessary to establish new allowable limit
criteria to evaluate the validity of the new driving dynamics.

• Comparing the correlation between the existing v·apos and the newly calculated v·aeng
with CO2 emissions, the v·aeng values show a clearer linear relationship, indicating
that v·aeng reflects the engine load characteristics better than v·apos does. This signifies
that v·aeng is a more suitable criterion for determining the validity of driving data.

• The deviation of braking dynamics between tests is particularly large in the motor-
way due to the differences in braking patterns. Although the current RDE standard
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evaluates the driving validity based on positive acceleration only, it is necessary to
establish a regulation on braking patterns since the braking pattern also can affect the
exhaust emissions.

• The ratio of the total energy lost by braking to the total energy consumed by driving
in urban, rural, and motorway areas of each driving section was about 54%, 18%, and
7%, respectively. The deviation between tests was not larger than ±5%. However, the
deviation was relatively large compared to the value in the motorway. Therefore, it
is necessary to calculate the acceptable energy ratio range by analyzing the relation
between exhaust emissions and braking dynamics.
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