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Abstract: In this study, the effect of rolling resistance change on regenerative braking was examined in an all-
electric passenger car according to UDDS (Urban Dynamometer Driving Schedule) drive cycle. As the tires with
high rolling resistance absorb the kinetic energy of the vehicle more than tires with low rolling resistance,
regenerative braking gain is reduced. In the all-electric car model created using the ADVISOR vehicle simulation
program state of charge (SOC) was found to be 87.1% in the car with low rolling resistance tires and SOC was
85.6% in the car with high rolling resistance for 1 drive cycle. In addition, regeneration recovery was also
investigated due to road slope. As the road slope increased, the amount of recovery was reduced for both tires.
While a recovery of 735.01 kJ was achieved in a tire with low rolling resistance, in a tire with high rolling
resistance a recovery of 670.85 kJ was achieved at a 5% road slope.
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Elektrikli Binek Tipi Otomobillerde Yuvarlanma Direnci Degisiminin
Rejeneratif Frenlemeye EtkKisi

Oz: Bu calismada tiimiiyle elektrikli binek tipi bir otomobilde UDDS Urban Dynamometer Driving Schedule-
Kentsel Dinamometre Siiriis Programi) siirlis ¢evrimine gore yuvarlanma direnci degisiminin rejeneratif
frenlemeye etkisi incelenmistir. Yuvarlanma direnci yiiksek lastiklerin diigiik yuvarlanma direncine sahip
lastiklere gore tasitin kinetik enerjisini daha fazla absorbe etmesi sebebiyle rejeneratif frenleme kazanimi
azalmistir. ADVISOR tagit simiilasyon programi kullanilarak olusturulan tiimiiyle elektrikli otomobil modelinde
1 siiriis ¢cevrimi i¢in diisiik yuvarlanma direncine sahip lastik kullanan otomobilde State of Charge (SOC) %87.1,
yiiksek yuvarlanma direncine sahip lastik kullanan otomobilde SOC degeri %85.6 olarak bulunmustur. Ayrica
yol egimine bagl olarak rejenerasyon geri kazanimi da arastirilmistir. Yol egiminin artmasiyla elde edilen geri
kazanim miktar1 her iki lastik i¢in azalmistir. % 5 yol egiminde yiiksek yuvarlanma direncine sahip lastikte
670.85 kJ geri kazanim elde edilirken diisiik yuvarlanma direncine sahip lastikte 735.01 kJ geri kazanim elde
edilmistir.

Anahtar kelimeler: Rejeneratif frenleme, yuvarlanma direnci, ADVISOR, sarj seviyesi

1. Introduction

Increases in the prices of fossil-based energy sources, uncertainties in their obtainment and
environmental problems resulting from their use have increased the research of renewable energy
sources by many automobile companies [1]. All-electric vehicles (EA) are called “zero-emission
vehicles” because, theoretically, they do not emit any harmful gases [2]. However, there are many
important problems with the spread of EAs that their range remains short in real driving conditions.
Today, the factors that reduce the widespread use of EAs are; long charging time and short range of
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vehicles [3]. In order to prevent the negative effects of these factors on vehicle performance, it is
essential to analyze and reduce energy losses well. The main energy losses in EAs are mainly from
energy storage systems, electric motor, power train, slope resistance, weather resistance, rolling
resistance and acceleration resistance. The most important factors in increasing the range of EAs are
vehicle front projection area, battery energy density and rolling resistance coefficient [4]. In the
course of driving, rolling resistance changes due to tire design characteristics, vertical load, air
pressure, temperature and vehicle speed. Especially at low vehicle speeds, the rolling resistance of
the vehicle is very important in terms of energy losses. Rolling resistance coefficients of the tires
sold today vary between 0.007-0.014 [5]. This change affects the brake performance and the
performance of the kinetic energy recovery system, which operates from time to time during
braking. In order to make interpretations in a short time on the effect of rolling resistance on
recovery, vehicle simulation programs are used. Designing and creating a simulation of an electric
vehicle constitute the first stage of design and production. In order to realize these, simulation
software is employed and this eases the production stage by making it shorter without any system
performance [6].

In the literature, there are very few experimental-simulation studies showing the effect of rolling
resistance on kinetic energy recovery performance. However, there are many recent studies on the
modelling of EAs [7-16]. The essential common points of these studies that they are created in
Matlab-Simulink software and ADVISOR software is used to obtain performance changes in all
drive, power-train and energy storage systems in numerical values and graphs for different drive
cycles. In this study, the change of regenerative braking performance of an all-electric passenger
vehicle according to two different rolling resistance coefficients was investigated by using
ADVISOR simulation program. In addition, the change in the state of charge (SOC) level is shown
with a time-based graph.

2. Modelling the Vehicle

The ADVISOR simulation program is a software used to evaluate the behaviour of subsystems in a
computer environment by using experimental data of the vehicle in Matlab Simulink. The user
performs the modelling in two steps [17]. In the first step, with the help of the input screen (Figure
1), the measured, predicted or simulated components of the vehicle used and the vehicle data are
determined, and in the second step, the desired drive cycle is selected and the speed-time schedule
of the vehicle is created along the driving line (Figure 2). Then the model is executed and the
outputs are shown on the result screen.

2.1 Forces Affecting the Vehicle Movement

The basic forces acting on the movement of the vehicle can be examined in two groups as the
resistance forces that affect the vehicle against the direction of movement (slope resistance, inertial
resistance, weather resistance, rolling resistance) and the driving forces that are generated by the
engine to be transmitted to the wheels. Driving the vehicle in the forward direction, all these
resistances must be overcome with the force generated by the engine. In equation (1) E. , F, , Fycc ,
Fy; represents rolling resistance, aerodynamic resistance, acceleration resistance and hill resistance,
respectively.

Fo=F +F + Fee + Fst (1)

E. = ¢romg + Crpymg (2)
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Figure 2. ADVISOR drive cycle selection page
Fy = 2pCpAsv? (3)
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Maximum braking force in case of four-wheel braking:
Fprmax = For + F (6)
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According to equation (6); maximum braking force is equal to the sum of the force generated by the
brake system for deceleration (F3,.) and rolling resistance (F,.). Changes in rolling resistance change
the load of the braking system for a constant braking force. In addition, the rolling resistance
coefficient depends on many variables, but this resistance increases the resistances that must be
overcome during the drive [18]. Regenerative braking is the process in which some of the kinetic
energy stored by the vehicle due to its mass and speed is stored in the vehicle during deceleration or
braking [19]. Electric and hybrid electric vehicles generally operate the traction motor as a
generator to provide braking torque on the wheels and to recharge the traction batteries. Changes in
rolling resistance before regenerative braking is activated affect the braking load and regenerative
gain of the vehicle.

Table 1. Force parameters affecting the vehicle [20]

Crro 1. Rolling resistance -
coefficient
Crr1 1. Rolling resistance moving -
coefficient
m Vehicle mass kg
g Gravitational acceleration m/s?
v Vehicle speed m/s
p Air density kg/m3
Cp Aerodynamic friction -
coefficient
Af Front cross-sectional area m?
M; Inertia mass factor -
dv Vehicle speed change m/s?
dt
a The inclination angle of the °
road

3. Material and Methods

Some of the mechanical energy generated by the vehicle during movement is consumed by the
driving resistances. In this section, the effects of changes in rolling resistance on regenerative
braking in the UDDS (Urban Dynamometer Driving Schedule) drive cycle and the energy lost in
this energy transfer will be analyzed. The characteristics of the electric vehicle, vehicle battery and
electric motor modelled in the simulation are given in Table 2 and Table 3. Analyses were
conducted according to two different rolling resistance coefficients. Ni-Cad battery is preferred
because it provides high discharge current and has higher energy density compared to lead-acid
batteries.

Table 2: The technical features of the modelled electric vehicle.

Vehicle Other parameters
Length of the vehicle 4.3 m

Vehicle width 1.8m p=1.25kg/m3
Vehicle height 1.4m

Total vehicle weight 1344 kg g =9.81m/s?
Wheel radius (r) 0.33m

Rolling resistance (High) 0.012 C;=0.3

Rolling resistance (Low) 0.008

Battery Ni-Cad
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Minimum voltage 457V A =1.74 m?
Maximum voltage 7.83V

Capacity 28 Ah

Module mass (for 1 module) 3.6 kg

Number of modules 50

Table 3. Technical values of electric motor.

Electric Motor DC
Minimum voltage 60 V
Maximum current 400 A
Mass 60 kg
Inertia 0.051 kgm?

4. Results and Discussion

Figure 3 shows the battery energy change graph for a tire with a high rolling resistance coefficient.
During the movement of the tire with high rolling resistance according to the drive cycle, an
average energy change of 4804.09 kJ occurred with regenerative drive. However, in the drive cycle
without regeneration, more energy changes occurred in the batteries (5396.31 kJ). This indicates
that 592.22 kJ more energy is consumed without recovery.
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Figure 3. The battery energy change graph for a tire with a high rolling resistance coefficient.

Figure 4 shows the battery energy change graph for a tire with a low rolling resistance coefficient.
The tire with low rolling resistance consumes less energy. During the movement of the tire with low
rolling resistance according to the drive cycle, an average energy change of 4308.24 kJ occurred in
the regenerated drive. However, in the drive cycle without regeneration, more energy changes
occurred in the batteries (4971.25 kJ). This indicates that 663.01 kJ more energy is consumed
without recovery. Comparing the low and high rolling resistance tires, a more efficient recovery
performance was achieved with low rolling resistance tires with regeneration.
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Figure 4. The battery energy change graph for a tire with a low rolling resistance coefficient.

Figure 5 shows a time-based battery energy change graph for tires with different rolling resistance
with regeneration. Since the energy required to slow down the vehicle creates more rolling
resistance on tires with high rolling resistance, it generates more energy flow during the wheel drive
from the batteries of the electric vehicle. In addition, the recovery from regenerative braking had
less effect on the batteries. The mentioned graph is prepared for the time interval 285-335 seconds
at which the maximum speed reduction occurs.
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Figure 5. A time-based battery energy change graph for tires with different rolling resistance with
regeneration.
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Figure 6 shows the time-based change of the vehicle battery charge. Regenerative braking energy
remains low, as the braking energy required for the desired deceleration is reduced in the tire with
high rolling resistance. As a result, the battery charge level of the vehicle using low rolling
resistance tires in the drive cycle was higher. According to the fully charged battery drive cycle, the
charge level of the vehicle with high rolling resistance was calculated as 85.6% and the charge level
of the vehicle with low rolling resistance was calculated as 87.1%.
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Figure 6. Time-based state of charge change (with Regeneration)

Figure 7 shows the variation of wheel brake losses over the time period 285-335 seconds at which
the maximum speed reduction occurs in the drive cycle. According to this graph, the tire with high
rolling resistance absorbs more vehicle energy due to the greater friction in the tread, shoulder and
heel area of the tire during deceleration. For tires with low rolling resistance, the loss of energy due
to the braking system is higher.
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Figure 7. Time-based change of wheel brake loss
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Figure 8 shows the graph for braking with regeneration based on road slope during one drive cycle
With the increase of the road slope, the effect of regenerative braking was decreased within the total
force decelerating the vehicle. 1590.2 kJ recovery was achieved at a maximum slope of 0% in the
drive cycle using high rolling resistance tires, while 1762.9 kJ recovery was achieved in the drive
cycle using low rolling resistance tires. As the road slope increased, the amount of recovery was
reduced for both tires. At 5% road slope, 670.85 kJ recovery was achieved in the tire with high
rolling resistance, while 735.01 kJ recovery was achieved in the tire with low rolling resistance.
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Figure 8. Regenerative braking gain due to road slope

5. Conclusions

More energy output occurred from the batteries, in the absence of a Kinetic energy recovery system.
It is seen that the tire with low rolling resistance coefficient consumes less energy than the batteries
in the drive cycle. In the use of tires with high rolling resistance coefficient, an average of 4804.09
kJ of energy was consumed from the batteries, while vehicle batteries using low rolling resistance
coefficient consumed an average of 4308.24 kJ of energy. Increased tire rolling resistance reduces
the recovery energy that can be gained during regenerative braking during deceleration. The higher
the Kinetic energy recovery of the tire with the low rolling resistance coefficient, the higher the
charge level of the battery during the driving cycle. According to the fully charged battery drive
cycle, the charge level of the vehicle with high rolling resistance was calculated as 85.6% and the
charge level of the vehicle with low rolling resistance was calculated as 87.1%. By reducing the
rolling resistance coefficients of the tires, Kinetic energy recovery performance and the range of the
all-electric vehicle can be increased. In order to achieve the target of this study, the performance of
a vehicle with the characteristics of the vehicle designed for Kinetic energy recovery under real
driving conditions must be measured.
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