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Abstract: Higher speeds, faster acceleration and longer duration need a more realistic driving cycle.
As a result, a new test procedure that reflects real-world driving conditions has been applied since
2017, and the previous development environment optimized for NEDC has also changed. In this
study, several factors and technologies relating to fuel consumption, such as vehicle weight, tire rolling
resistance, drag of aerodynamic, stop—start, and 48 V mild hybrid system, are evaluated as per the
new worldwide harmonized light vehicles test procedure (WLTP) and compared with that of the
previous European driving cycle (NEDC). The impact of the vehicle weight is increased in case of
the WLTP due to faster acceleration compared to that under NEDC. The influence of aerodynamic
force is very important as the average and maximum speed are increased. Meanwhile, the impact
of idle stop—start technology is lower compared to that under NEDC due to the reduction in idle
operation time. The 48-V mild hybrid system is still expected to play a role as a powerful fuel
consumption reduction technology under new WLTP by applying energy regeneration, minor torque
assist, and extended idle stop—start.

Keywords: WLIP; RDE; real-world driving conditions; test cycle; drag coefficient; tire rolling
resistance; cycle energy; fuel consumption; idle stop—start; 48-V mild hybrid system; MHSG (mild
hybrid starter and generator)

1. Introduction

It has been observed for a long time that exhaust gases emitted under real-world driving conditions
are excessive when compared with those measured in a laboratory. Additionally, the worldwide
harmonized light vehicles test procedure (WLTP) [1] legislation, which reflects the actual driving
factors compared to NEDC [2], was introduced and has been applied since September 2017, owing to
the increase in demand for fuel economy and exhaust gas regulations recently triggered by the exhaust
gas manipulation incident [3]. Furthermore, the real driving emission (RDE) test, which measures
exhaust emissions under actual driving conditions, was enacted to regulate NOx and particle number
(PN) emissions.

Based on a report [4] published in 2013 by the International Council on Clean Transportation
(ICCT), which first considered excessive NOx emission and requested investigation, the official CO,
emissions by car manufacturers from 2001 to 2015 decreased by approximately 30% (from 170 g to
120 g). However, the actual CO, emissions on the road were reduced by approximately 10%, from
183 g to 167 g. Hence, this was publicized as a difference of approximately 42% between the officially
announced figures and the measured values under actual driving conditions in 2015.

This difference can be due to the exploitation of a loophole by the vehicle manufacturers during
the fuel consumption test for certification. Furthermore, actual road conditions vary considerably
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and are worse than lab conditions. This, in turn, results in high exhaust gas and fuel consumption.
Therefore, the Economic Commission for Europe enacted and implemented the WLTP, which is more
representative of real-world driving conditions compared to NEDC used for measuring exhaust gas
and greenhouse gas, for newly manufactured vehicles effective September 2017. Additionally, the
necessity of the test for exhaust gas and fuel consumption under actual road conditions was established.
The Technical Committee on Motor Vehicles determined the test timing and applicable standards for
the RDE test.

When WLTP mode was applied, it was determined that CO;, emission unavoidably increased
when compared to the values measured under NEDC to driving cycle, gear transmission (MT cars),
air temperature, vehicle load, and other factors as shown in Table 1 [5]. Specifically, in case of diesel
vehicles, the fuel consumption was further worsened because the EGR operation range was expanded
until the load on the engine was high enough to reduce NOx and cope with the RDE mode that
examines exhaust gas on actual roads.

Table 1. Parameters with potential impact on CO, emissions with different definitions in NEDC and

WLTP [5].
Factors NEDC WLTP CO,, Effect
T Driving cycle NEDC WLTC
est cycle o . o
Gear shifting strategy Fixed it Vehicle specific gear )
for MT xed gear posttions positions
. Worst tire (2nd worst if >3 tires . " .
Road load Tire size and type with different rolling resistances) Vehicle specific (+) slightly
determination Tire tread depth >3000 km running-in or 50~90% 80~100% (+) slightly
. . Vehicle specific, use of
Aerodynamics Worst bodywork, no definitions in movable parts as under test (+) slightly
movable parts L
conditions
Soak area 20~30 °C 14/23 °C (+)
Test temperature Test cell 20~30 °C 14/23°C +)
Test mass Curb weight + 100 kg Curb weight + 100 kg + (+)

Vehicle masses .
Inertia

Rotating masses

Discrete classes
Simulation of total inertia of the

extra + payload
Step-less, vehicle specific
+1.5% for 1-axle

vehicle as driven on the road dynamometers
Running in >3000 km 3000~15,000 km
Pre-conditioning cycle Diesel: 3 x NEDC Petrol: 1 x UDC WLTC
Others No battery charging before
Battery state of charge Not defined Y &g (+)

4WD vehicles

1-axle dynamometer possible

emission test
2-axle dynamometer only

(+)

Yu et al. [6] analyzed driving characteristics in major cities in China by using traffic information
and compared their results with those obtained from the WLTC mode. They conducted tests with
NEDC and WLTC modes for 30 different car models to verify the effect of the cycles on the fuel
consumption. Their results are similar to those in Table 2 [5], which are provided by ICCT. The results
consider the effect of different test loads and ambient temperature on fuel consumption.

Table 2. Total estimated impact of switching from NEDC to WLTP [5].

Vehicle Mass
+3.5%

Regulatory Issue Driving Cycle

+2.1%

Temperature

+1.9%

Total Impact 23 °C  Total Impact 14 °C
+5.7% +7.7%

Impact on CO,

Piotr et al. [7] compared the emission levels in case of the NEDC, FTP-75, and WLTP modes for
gasoline and diesel cars. A switch from NEDC to WLTC revealed changes in NOx, PM, and PN, which
were higher than those in THC, CO, and CO,. However, their results were limited to Euro5 and Euro6
compliant cars. In another study by Piotr et al. [8], they measured the fuel consumption as per each
mode for five different car models. The results revealed that the fuel consumption was the lowest
under the NEDC mode for cars with manual transmission. However, the results were still insufficient
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to verify the fuel consumption based on cycle difference because of the different vehicle types (weight,
tractive resistance) and engine displacements.

Melo et al. [9] compared the fuel consumptions for three types of driving cycles for internal
combustion engines, hybrid electric vehicles (HEVs), and electric vehicle (EVs). They described the
difference in the fuel consumption between NEDC and WLTC as approximately 9.5-13.5% for internal
combustion engines. However, this result was not obtained via experiment. They utilized the CO, data
that were available online at JATO Dynamics. Therefore, the results could include various deviations
and could not explain the effect of test cycle sufficiently.

Sarp et al. [10] examined the effect of seven types of driving cycles, namely, NYCC, FTP75,
NEDC, WLTC, US06, HWFET, and CADC, for cars with eight power train technologies. Hence, some
improvements were expected for all cycles in the Miller cycle and downsizing engines. A prominent
improvement was obtained under low-speed zones, such as downtown operation of HEVs and EVs.

The aforementioned studies [11] analyzed the effects of various power train types and driving
cycles. However, the results were not validated via testing. Furthermore, many researchers proposed
that experimental results are only for cars that comply with the existing emission regulations, such as
Euro5 or Euro6. Therefore, there were very rare cases, which is the result for the specification satisfied
the latest regulations, such as Euro6d-temp.

Pavlovic et al. [11] carried on tests and simulations on several cases to assess the potential total
impact on the final reported type-approval CO, emissions. The analysis showed the biggest impact
on CO; is coming from the changes in the road load determination procedure (~10% increase) and
procedural changes concerning the test in the lab will bring another 8% and post-processing and
declaration of results will result in difference of approximately 5%. Overall, the WLTP is likely
to increase to the NEDC CO; emissions by approximately 25%. However, they did not provide
quantitative input values, so it was difficult to grasp the CO, impact for each factor.

Pavlovic et al. [12] also tested the NEDC and WLTP cycle with vehicles that comply with Euro 6
emission standard. The worst case (TMH, test mass high) showed CO; emission and energy demands
to be on average 11% and 44% higher than NEDC, respectively, and best scenario (TML, test mass low)
has on average 1% higher CO, emissions. Their results also showed that higher vehicle inertia and
road load along with the higher speed are the key parameters of the new procedure that contribute to
the increased CO, emissions. However, their study was the result of testing vehicles that met Euro 5
and 6 regulations.

The objective of this paper was to investigate the different effect of factors and technologies related
to fuel consumption between NEDC and WLTP modes. In this study, 1.6 L gasoline and diesel engine
vehicles that meet the latest Euro-6d temp regulations were applied to clarify the contribution of fuel
consumption parameters such as vehicle weight, tire rolling resistance, air resistance and idle stop-start
under NEDC and WLTP. In order to analyze the qualitative and quantitative impact of these factors,
a commercial AVL simulation tool was used, and vehicle tests were performed simultaneously to
complement the previous research relied on simulation method. In addition, the recently spotlighted
48 V system was applied to diesel vehicle, and tests were conducted to investigate the quantitative
fuel consumption effects on energy recovery, torque assist and extended idle stop-start technology by
48 V MHSG (mild hybrid starter and generator) machine. From this research, we clarified the effective
factors which has good effect on better fuel economy.

2. Simulation and Experimental Method

The test vehicles used in this study were compact SUV with 1.6-L gasoline turbo and diesel engine
(Table 3), dry type 7-speed dual clutch transmission with idle stop—start technology. The catalyst
selection and ECU calibration to comply with the Euro 6d-temp exhaust regulation were completed.
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Table 3. Engine specifications in the test car.

Fuel Type Gasoline Diesel
Displacement (cc) 1591 1598
Compression Ratio 10.0 15.9
Max Power (kW/rpm) 130/5500 10074000
Max Torque (Nm/rpm) 265/1500 320/2000
Cylinder layout In-line 4-cylinder In-line 4-cylinder
Emission Control System WCC + UCC cc_LNT + DPF + UF SCR
Emission E6d temp E6d temp

The fuel consumption simulation was conducted using CRUISE™ from AVL, as shown in Figure 1.
Furthermore, actual measurement data obtained from the gasoline/diesel engine and transmission
efficiency at each gear were used for fuel consumption simulation. Additionally, real ECU/TCU
mapping data such as desired torque map, gear shift pattern, and target fuel cut-in speed were applied
to perform sophisticated analysis.
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Figure 1. Vehicle simulation model by AVL, CRUISE™

Prior to vehicle test on chassis dynamometer, the full load performance and BSFC of gasoline
and diesel engine were measured through engine dynamometer. Transmission efficiency was also
measured for various speeds and input torques.

Figure 3 shows the average transmission efficiency at each speed with respect to the transmission
fluid temperature. Specifically, the 7th speed has 5% higher transmission efficiency at 70 °C than at
40 °C.

To analyze the attribution of the test condition factors, the effect of the road load with respect
to the changes in the vehicle weight, drag coefficient, and tire rolling resistance were estimated.
The validation test was also conducted with actual vehicles. The calculation method of the road load is
as follows.

Figure 2 shows the maximum torque and power curve of gasoline and diesel engines and the
fuel consumption rate applied in this study. Specifically, the diesel engine exhibited a lower fuel
consumption rate by approximately 8-18% than the gasoline at BMEP 4bar (50~51 Nm).
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Figure 3. Average transmission efficiency at each gear speed with respect to fluid temperature.

The road load of the cars consists of mechanical drag and aerodynamic drag as shown in SAE
J2263. Furthermore, the mechanical drag is composed of the tire rolling resistance, which is not
associated with the vehicle speed and factors that are proportional to vehicle speed. Thus, air resistance
was configured to be proportional to the square of the vehicle speed. However, the drag coefficient
was modeled as a fifth order function of the yaw angle of the crosswind to the vehicle. Thus, in our
case, temperature compensation was applied only for coefficients A and C, which differs from that
prescribed by SAE. Thus, the reference air pressure value applied for coefficient C was also different.

Additionally, the actual measurement value was used for the projected front area of the vehicle.
Table 4 shows the coefficient of drag for different tire types and options for the vehicle used in this
study. Each Cd value was measured in a wind tunnel. In this study, coastdown tests were conducted
on the 16-inch base option with the lowest Cd and 19-inch with the highest Cd.

Table 4. Coefficients of drag for each tire type and option.

Tire and Wheel = Bumper  Brake Type = Mud Guard Cd Diff Remarks
215/70R16 A A’ X 0.339 Base The lowest Cd
245/45R19 A A X 0.352 +0.013 The highest Cd

We used VMS3200 to measure coastdown time on track. An on-board anemometer was specifically
used to measure wind direction and velocity in real driving conditions. Figure 4 shows the coastdown
measurement equipment and the requirements and accuracy of the measurement system.
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GPS position
- i ‘ Ambient pressure
o] - Items Unit | Regulation  This Study
Wind speed VMS3200 Ambient temperature °C 1 0.1
Wind direction Data acquisition system Ambient pressure kPa 0.3 0.1
- . Tire pressure kPa 0.5 0.5
— \ Ambient temperature Wind speed km/h 1 0.001
1K R # Vehicle speed B> Wind direction ° 1 0.001
e A
2 \ i —“> Mass kg 10 0.5

— \ .
‘ Q\""" Elapsed time sec 02orl 0.2
Vehicle speed km/h 0.2 0.001
Figure 4. Coastdown test measurement system and its accuracy.

Subsequently, the neutral coasting time from 135 to 15 km/h, vehicle speed, wind velocity (speed,
direction), and ambient temperature were measured five times in both directions of the straight road.
Thus, they were measured a total of ten times. The measurements were used to calculate a total
of eight unknown coefficients (Am, Bm, Cm, a0, al, a2, a3, and a4) via a linear regression method.
These coefficients were calibrated at standard temperature and atmospheric pressure conditions before
the final road load coefficient was determined. The final road load coefficient was proportional to the
second order of the vehicle speed (Figure 5 and Equation (1)).

MW = Ay + BV + C V2 + LpAVZC4(Y), Ca(Y) = ag +m Y + a2 Y2 +a3Y? + agY*

F=fo+ AV +HV? @)

where M,: Effective Vehicle Mass, dV/dt: Acceleration, V: Vehicle Velocity, V,: Apparent Wind Relative
to Vehicle, C4(Y): Coefficient of Aerodynamic drag at Yaw angle Y.
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- Eliminating extreme data points, outliners
- Correction to standard ambient condition

Figure 5. Worldwide harmonized light vehicles test procedure (WLTP) road load determination via
coastdown method.

The equation to determine the road load for the NEDC test, as per (EU) 2018/1002 regulation
using the WLTP tractive resistances (calculated above) is presented in Table 5. From NEDC to WLTP,
the cycle energy increased by approximately 2.6-2.7 times based on the weight, average speed, and
increases in the speed variation.
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Table 5. Factors for fuel consumption contribution analysis in NEDC and WLTP.

Factors Mass Tire RRc Aero Idle Stop-Start 48 V System
-10% -10% -10% Disable Disable
Level Base (TML) Base (TML) Base (TML) Enable Enable
+10% +10% +10% - -
8 Simulations (TML, TMH, +10% 6 cases) 2 Simulations
Method 2 Tests (TML, TMH) 2 Tests 2 Tests

In this study, the fuel consumption in NEDC and WLTP was investigated with respect to vehicle
weight, drag of coefficient, tire RRc(rolling resistance coefficient), Idle stop—start and 48-V system.
Specifically, the vehicle weight, Cd, and tire RRc increased and decreased by 10% relative to the base
TML (Test mass low) (Table 5).

Figure 6 shows the relation between vehicle road load and tire size used in this test and simulation.
Additionally, the driving energy per distance of the test cycle is shown in this figure. The driving
energy is calculated by integrating the road load with respect to the speed of the driving cycle, i.e.,
NEDC or WLTP.

1200 750
Wheel size 16 inch 16 inch 19 inch|19 inch 7 M
1000 Driving Cycle | NEDC | WLTP | NEDC | WLTP & P 8
o) 138.23 | 15063 | 14638 | 174.33 E 700 1 %
=z
Coeff. [fI(N/kph) | 1.4009 | 1.4429 | 1.3756 | 1.4169 5 “J 6
= 800 R2(N/kph2) | 00381 00393 | 00404 | 00417 = I “‘,‘J 5 No Remarks
= @ 650 Ld 1,8 Low & high mass
>l > [ y” 3
S 600 / < 1 2 2,6 Low & high Cd
?g ~ Z NEDC 16in 2 0 3,5 Low & high RRc
< 400 = hy 4,7 16" & 19” Real Car
== WLTP 16in o
= ] :
200 e el NEDC 19in = 550 ® Gasoline 1.6T
WLTP 19in O Diesel 1.6VGT
0 500
0 20 40 60 80 100 120 140 500 550 600 650 700 750
Vehicle speed (km/h) NEDC cycle energy (kJ/km)

Figure 6. Road load curve and driving energy per distance according to the test cycle.

Figure 7 shows the overall schematic diagram of the chassis dynamometer and exhaust gas
analyzer used for exhaust emissions and fuel consumption in this study. Measurement of vehicle
emission gas was performed with a CVS (constant volume sampler) tunnel and emission gas analyzer.
In the chassis dynamometer, real-time emission gas and vehicle data were collected for each driving
speed by driving in the NEDC and WLTP modes. Furthermore, the final exhaust gas concentration
was analyzed via the analysis of the sampling bag containing the exhaust gas. Gasoline and diesel fuel
consumption were calculated by using carbon balanced Equations (2) and (3).

FCyasoline[1/100 km] = (0:](2016) x {(0.829 x HC) + (0.429 x CO) + (0.273 x CO»)} @)
e
0.1165
FClipset[1/100 km] = ( ; ) x {(0.858 x HC) + (0.429 x CO) + (0.273 x CO,)} ®)
fuel
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Figure 7. Schematic diagram of chassis dynamometer and emission measurement system.

3. Results and Discussion

Prior to this study, repeated tests were conducted to confirm the deviation of fuel consumption
test in the chassis dynamometer. Given that this study only tested in test mass low (TML) and Test
mass high (TMH) conditions for gasoline and diesel engines, it was necessary to check the errors in
the test results. Based on the results of five repeated tests, under NEDC and WLTP modes, for 1.6 T
gasoline engine, the standard deviation of NEDC was approximately 0.009(0.11%), and the standard
deviation of WLTP was approximately 0.016(0.21%)

Figures 8 and 9 present all the simulation and experimental results conducted for NEDC and
WLTP modes for the gasoline and diesel engine vehicles in this study. From these simulation and
experimental results, we found that the test results can be used to determine the reliability and
appropriateness of the simulation results.

9.0 9.0

o
®
A
°
£ 8.5 3 85 ] TMH
& g .
2 2 o TS
= 80 o = 80 e ML
[8) o
i} .
') o
a L N =
Z s ol ~TMH ‘ =15 P —
o® V ® Estimated | ® Estimated
“TML \
M Tested | M Tested
7.0 7.0
5500 6000 6500 7000 7500 8000 14500 15000 15500 16000 16500 17000
Cycle energy (kJ) Cycle energy (kJ)

Figure 8. Fuel consumption under NEDC and WLTP according to the cycle energy of 1.6-L
gasoline T-GDI.



Energies 2020, 13, 4245 9 of 19

6.8 6.8
TML .

6.3 A o

(=)
w

NEDC FC (L/100km)
WLTP FC (L/100km)
&

i

o° - @ Estimated @ Estimated

Ld N -
.' ~~— TML W Tested H Tested
4.8 4.8
5500 6000 6500 7000 7500 8000 14500 15000 15500 16000 16500 17000 17500

Cycle energy (kJ) Cycle energy (kJ)

Figure 9. Fuel consumption under NEDC and WLTP according to the cycle energy of the 1.6-L
diesel engine.

The effects of NEDC and WLTP mode on the fuel consumption with respect to road load factors,
idle stop—start, and 48-V system technology are explained below.

3.1. Driving Cycle Effect

To determine the cycle energy according to the drive mode, the road load and test vehicle weight
were considered. A margin of 3% was provided on the test vehicle weight by considering the rotational
inertia of the wheel and tire.

n
Vi — 0j—

E= Z((fo + fivi + f07 oAt + 1.03 X Mass X — At’ 1) @)
i=1

Figure 10 shows the speed and acceleration between WLTP and NEDC modes. The maximum
acceleration under the WLTP condition tended to increase according to drive cycle difference. Table 6
indicates the cycle energy and CO2 effect by simulation under two modes. The cycle energy of WLTP
increased by 18% than that of NEDC mode. From the simulation result of WLTP mode, CO, effect
increased by 2.7-3.0% for the diesel vehicles and by 4.8-4.9% for the gasoline turbo vehicle when
compared with the results under the NEDC condition. According to Pavlovic et al. [11], the effect of
the cycle difference was 5.88% for gasoline and 5.24% for diesel vehicle. In case of diesel vehicle, the
effect may vary depending on the engine displacement.

Figures 11 and 12 show the distribution of the operating time and fuel amount for gasoline
and diesel vehicle under NEDC and WLTP cycles. In this figure, the darkness in shade means high
contribution. The engine operation zone significantly increased under WLTP compared to that under
NEDC, due to increases in engine load and speed. In particular, the dotted line is an additionally
expanded area compared to NEDC. In the case of the diesel engine, due to the increase in high load
operating time, the EGR operation zone and operating time for reducing NOx emissions were increased.
Thus, this resulted in the deterioration of fuel consumption.

However, under the WLTP mode, the fuel amount did not degrade because the running time
under warmed engine condition was increased compared to NEDC. Figure 13 shows the behavior of
the coolant and engine oil temperatures per test cycle mode for the diesel vehicle. Figure 14 shows the
distribution of the coolant and oil temperatures. The operating time was increased above 80 °C and
engine operates under better engine efficiency in the WTLP mode compared to NEDC. This result does
not imply that WLTP mode itself always increases fuel consumption rate [L/100 km].
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Table 6. Cycle energy and CO, effect by simulation according to the test mode (per test mass of 1718
kg, 0 = 150.632 N, f1 = 1.44292 N/kph, 2 = 0.039255 N/kph?).

Category Unit NEDC WLTP Remarks
Distance km 10.9 23.3
Max Acceleration m/s/s 1.06 1.75
Min Acceleration m/s/s -1.39 -1.50
kJ 6179 15,488 . .
Cycle Energy KJ/km 565 666 Including r;)ftattmg
Y% Reference 18% mnertia eftec
Gasoline Reference +4.8-4.9% By CRUISE
ffect Y
CO; effec Diesel Reference +2.7-3.0% Simulation
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Figure 11. Operation time and fuel amount according to the driving cycle of the gasoline vehicle.
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Figure 12. Operation time and fuel amount according to the driving cycle of the diesel vehicle.
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3.2. Test Mass Effect

In the case of the new regulations, the test vehicle weight was changed to that of cars that are
currently available for sale. Hence, based on the existing NEDC, the test vehicle weight was the
equivalent test weight (ETW) according to the reference mass (RM). Meanwhile, with the new WLTP
regulation, the test mass was determined considering the RM, gross vehicle weight (GVW), and full
option weight.

In the case of the vehicles used in this study, the test mass was increased by 18-74 kg for the
minimum option and by 213-227 kg for the maximum option with respect to the test mass in the
existing regulation, as shown in Table 7.

Table 7. Determination of the test mass.

Items NEDC WLTP
Tost Lowest Trim 1590 kg 1718-1774 kg
eSLMASS - Highest Trim 1810 kg 1913-1927 kg
Determination of test mass ETW RM + 15%* (GVW-(RM + option))

As the test mass and maximum acceleration were significantly increased in WLTP when compared
with those of NEDC, the vehicles consumed more fuel in the acceleration zone. Specifically, increases
in test mass affected the tire rolling resistance additionally. This was attributed to the increases in fuel
consumption at constant speed. Figures 15 and 16 show the contribution of the fuel consumption
to the driving conditions with respect to the drive modes for gasoline and diesel vehicle. The fuel
consumption increased during acceleration, and the contribution in the overall fuel consumption was
also increased by 5-6% in both types of vehicles.
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Figure 15. Contribution of the fuel consumption to the driving conditions (1.6 L turbo gasoline).
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Figure 16. Contribution of the fuel consumption to the driving conditions (1.6 L diesel).

The effects of the test mass on the cycle energy and fuel consumption are presented
in Figures 17 and 18. Once road load is determined from coastdown testing, the road coefficients
for NEDC are determined according to the regulation. Therefore, the energy can differ under the
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NEDC cycle even with the same NEDC ETW. Based on the NEDC test weight, the cycle energy values
differed by 4.0-7.8%, and the fuel consumption differed by 2.7-5.7% with NEDC. For WLTDP, the cycle
energy increased by approximately 4% when the road load increased by 10%. Consequently, the fuel
consumption increased by approximately 6.4-6.6%.
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Figure 17. Effect of the test mass on the energy and fuel consumption in NEDC (left/right:
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Figure 18. Effect of the test mass on the energy and fuel consumption in WLTP (left/right:
gasoline/diesel).

Test mass is the most influential factor in fuel consumption in each test cycle, and Pavlovicetal. [12]
and Moon et al. [13] also showed similar trends in their simulation and test.

3.3. Tire Rolling Resistance Effect

The tire rolling resistance is usually less affected by vehicle speed. The effects of the tire rolling
resistance on the cycle energy and fuel consumption are shown in Figures 19 and 20. When the tire
rolling resistance was changed by 10%, the cycle energy was changed by approximately 1.7-1.9%
under NEDC. On the other hand, it was changed by approximately 2% under WLTP. However, the
fuel consumption effect in both cycles were similar as 1.1-1.4%. Dimaratos et al. [14] also showed that
limitation of rolling resistance by 10% offers a fuel consumption benefit of 1.2% and 2.2% in NEDC and
WLTP, respectively, in diesel vehicle simulation results.
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Figure 20. Effect of the tire rolling resistance on the cycle energy and fuel consumption in WLTP
(left/right: gasoline/diesel).

3.4. Coefficeient of Drag Effect

Aerodynamic drag typically increases as a secondary function of vehicle speed. Therefore, it
affects fuel consumption during a high-speed driving condition, such as on a highway.

The effects of the aerodynamic drag (drag coefficient) on the cycle energy and fuel consumption
are presented in Figures 21 and 22. As the drag coefficient was modified by 10%, the cycle energy
changed by 2.7-3.0% in the NEDC, while it changed by 3.3-3.6% in WLTP. Accordingly, the fuel
consumptions in NEDC were changed by 1.9-2.1% and 2.7-3.1% in WLTP. The increased effect of
aerodynamics might be due to increases in the average speed and maximum speed in WLTP when
compared with those in NEDC. Dimaratos et al. [14] presented that 10% reduction in aerodynamic
force decreases fuel consumption by 2% and 2.8% in NEDC and WLTP, respectively.
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Figure 21. Effect of the aerodynamic drag (drag coefficient) on the cycle energy and fuel consumption
in the NEDC mode (left/right: gasoline/diesel).
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The influence of the vehicle’s drag coefficient on fuel consumption went up in WLTP regardless of
the type of engine, and Pavlovic et al. [12] also showed an increase in the impact of aerodynamics on
fuel consumption from NEDC to WLTP. Moon et al. [13] and Dimaratos et al. [14] also showed similar
results through their simulation analysis.

3.5. Effect of Idle Stop-Start Technology

The idle stop—start technology, which is common in the European market but not in the North
American market, stops engine operation when a vehicle is stopped, to reduce emissions and save
fuel consumption. Given that the idle stop frequency is higher by approximately 24% in the NEDC
mode, the fuel consumption effect of the idle stop—start technology is known to be high. Meanwhile,
under the WLTP mode, the idle stop frequency is approximately 13% of the total modes, the vehicle
weight and drive speed are increased, and the fuel consumption required for driving is increased.
Therefore, the effect of idle stop—start technology is reduced when compared to that under the NEDC
mode. The effects of the idle stop—start on the fuel consumptions of 1.6-L gasoline and diesel engines
for each test cycle are presented in Table 8. By changing the test cycle, the effect of idle stop—start
technology was reduced by approximately 2.0-2.5%. It is still a useful tool to ensure compliance with
the CAFE regulation and lower fuel consumption in urban driving condition. Dimaratos et al. [14]
also showed the effect of stop-start on CO2 emissions is 2.5~4.8% in NEDC and 1.2~2.6% in WLTP.
Stop-start technology definitely has a stronger effect on NEDC, owing to the longer idling period
compared to WLTP.

Table 8. Comparison of fuel consumption for idle stop—start by test cycle.

Remarks NEDC WLTP Difference
Total drive time 1180s 1800 s 620 sT
Idle stop—start time 280 s (23.7%) 226's (12.6%) 54|
The effect of Stop/start on 1.6 L Gasoline 3.9% 1.5% 2.4—2.50/opl
fuel consumption 1.6 L Diesel 3.0-3.1% 1.0-1.1% 2.0%pl

3.6. Effect of the 48-V System

A PO type of 48-V system was implemented on the diesel 1.6-L engine. For the 10-kW grade
MHSG (mild hybrid starter and generator), the electric energy with the regenerative braking was
stored during deceleration to assist the torque in starting-and-stopping and driving and to reduce
fuel consumption by replacing the electric energy required for driving the vehicle. The idle stop—start
technology was applied in the zone with speeds lower than 20 kph during deceleration. This is to
ensure that the fuel consumption in the rolling idle zone before stopping the vehicle is not incurred.
Figure 23 shows the control strategy of the 48-V motor/generator with respect to the vehicle speed.
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Figure 23. Strategy for capacity and control of 48-V starter/generator for improving fuel consumption.

Under the WLTP, the fuel consumption of the 48-V system improved by approximately 1.5%
when compared with that under the NEDC, as shown in Table 9. Hence, along with the idle stop—start
technology, the 48-V system is a cost-effective technology for lowering the fuel consumption in WLTP.

Table 9. Fuel-consumption improvement of the 48-V system according to drive cycle (1.6 L diesel engine).

Category NEDC WLTP Remark
Total 4.7% 6.2%

Assist torque, coping with the
electric load of the vehicles
Extended stop-start 1.5% 2.2% Operated in 0 < Speed < 20 km/h

Fuel-consumption

improvement Recuperation 3.2% 4.0%

Figure 24 presents measured actual torque and behavior of the battery charging in the 48-V motor
under NEDC and WLTP. In the WLTP, there are several deceleration events when compared with
that of the NEDC mode. Therefore, the regenerative energy of the 48 MHSG was maximized during
deceleration, and MHSG also has a minor torque assistance during launching. The electric energy
recovered by MHSG is stored in 12 V battery through a DC-DC converter, and is in charge of various
electric loads of the vehicle. This ensured an improvement in fuel consumption under WLTP by
approximately 1.5% compared with that in NEDC.
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Figure 24. Torque control of the 48-V motor/generator in NEDC and WLTP modes (Top: NEDC,
Bottom: WLTP).

4. Conclusions

When the test cycle was changed from NEDC to WLTP, the fuel consumption was worsened as
the cycle energy was increased, due to increase in the acceleration and maximum speed. Conversely,
the fuel consumption was also improved due to the increase in operating time after the vehicle was
warmed up.

The engine load under the WLTP increased compared with that under the NEDC after considering
the weight of the vehicles available for sale. Test weight affects the fuel consumption to the highest
extent when compared to the other factors. Specifically, the effect of the vehicle weight increased as the
acceleration increased in the WLTP when compared with that in the NEDC. This study showed that
when the test mass was changed by 10%, the fuel consumption was affected by approximately 4% in
the WLTP.

Under the WLTDP, the average and maximum speed of the vehicles increased. This resulted in
a higher effect on aerodynamic factors. This study showed that the fuel consumption in WLTP was
affected by approximately 3.1% when the aerodynamic drag coefficient was changed by 10%. Thus,
this was the sensitive factor that affected the fuel consumption together with vehicle weight.

The tire rolling resistance significantly affects the fuel consumption in low-speed driving conditions,
such as urban cycle. Therefore, the effect of the tire rolling resistance on the fuel consumption was
reduced because the average vehicle speed was increased in the WLTP mode compared with that in
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the NEDC. The rolling resistance improved the fuel consumption by approximately 1.4% when the tire
rolling resistance was changed by 10% in the WLTP. This indicated that the tire rolling resistance did
not affect the fuel consumption as much as the other factors in WLTP.

The effectiveness of the idle stop—start technology on the fuel consumption decreased due to the
reduction in idling interval in WLTP compared to NEDC. 48 V MHSG made it possible to realize about
6% fuel improvement by minor torque assist during launching, increased energy recovery during
deceleration and extended stop-start technologies in WLTP.

Future Work

Further research is required on vehicles with manual transmission. The manual shift pattern
prescribed in the regulation is applied in the NEDC mode. Furthermore, the shift pattern generated
by the Steven Tool should be applied under the WLTP mode (692/2008/EC, Annex XXI, Sb-Annex 2).
It is quite complex to calculate the WLTP gear selection. Therefore, future work will involve developing
a tool which calculates optimum n-min drive for balancing exhaust gas and COs.
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