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Expansion of Statistical Tire Modeling Method to Tire Rolling Resistance Estimation
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The “statistical tire model” method, which is
used for performance design in the early stages of
vehicle development, was applied in order to expand
its function to estimate the rolling resistance of tires
just from the information of tire size and its inflation
pressure. The influence of tire size on RRC became
quantified by using measured rolling resistance of
tires that have variation in both its sizes and inflation
pressures yet that have the same structure and rubber
compound. As a result, a model with good precision
was obtained that can estimate the increase/decrease of
the rolling resistance with respect to the reference tire
if the tire size and its inflation pressure were given.
The proposed model made it possible to conduct
quantitative parameter studies without carrying out
time consuming individual tire measurements.
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Table 1 Major prevailing tire models for vehicle
dynamics compared with proposed
statistical model

Model Model Modeling Data for model Tire size
type name approach identification | parameterization
Fitting tire test
data from . .
Statistical model | multiple tires FrorTli;\;gltlple S'Cglrieo':sogggor
using regression
technique
Experi- Fitting full scale
mental | Magic Formula, | tire test data
model SWIFT, etc. by regression
technique
Distorting,
Interpolation rescaling and
model, etc. combining basic | From individual | Individual model
characteristics tire for each tire
Fiala model, Using simple
Th Brush model, mechanical
eo- etc. representation
retical | e fire model
model FTire, RMOD-K, Describing tlre_ in
etc greater detail
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Je=fro + S (WVO) + fra (WVO
fR : RRCy
V: Tire rolling speed tkwn)
where { fi, : 0.0080 to 0.0100
S £0.0010 to 0.0025 fwkm
Jra 10.0002 to 0.0004 mixmt
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Fig. 1 Example of tire RRC with respect to wheel

load and inflation pressure from reference

Table 2  Statistics of tire parameters of 31 cases

N
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2E| 2| 58 So] a8k | w2 Ze
§= | 8T | 25| % | o | EX| g%
= < i - S z i
IS
Average | 2021 | 56.3 | 16.0 | 89.2 | 2506 | 4.6 69.1
Median | 205.0 | 55.0 | 16.0 | 91.0 | 220.0 | 4.9 68.4
Std.Dev.c | 17.4 6.2 1.2 5.1 44.9 0.6 7.2
Minimum | 155 45 13 73 210 | 2.89 | 54.0
Maximum | 225 65 18 97 340 574 | 85.8
Max.-Min 70 20 5 24 130 | 2.85 | 31.8
XN 4 030) [ (3.230) | (4.170) | (4.70) | (2.890) | (4.450) | (4.395)
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{1-225/45R18, 91, IP300 4-225/45R18, 91, IP340
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A-205/55R16, 91, IP220 A-205/55R16, 91, IP260
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Fig. 2 Measured tire RRC vs rolling speed of 31

cases with normal load Fz equal to 80%
of the load index’s maximum load and with
regulated inflation pressure
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& W, H, D, L xffifi4f; P, Fz & RRC OFIBINE% 5413
5720, BfiXl% 7 vy b L7 (Fig. 3).
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Fig. 3 Correlation overview of sample tire information
for “Stat RRC” - W, H, D, L, P, Fz, and RRC

Table 3 Measured RRC relative to No.12* case,
with various tire size, load index, inflation
pressure, and normal load
* Tire size 205/55R16 of No.12 is a

median of sample cases
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£ |8 |2 % S5 ? ] 3
SE |85 22| S 8 E ow | 8% L e
v | ZE|gS 5E|EL| se | BE | 52| 3B
gz |8T| 2o g 88 §a | EX o=

Fol< g |2 =g | £ z <
1 | 225 [ 45| 18 | 91 | 18x8J | 220 | 4.85 | 107.9%
2 225 45 18 91 18x8J 260 4.85 97.7%
3 | 225 |45 18 | 91 | 18x8J | 300 | 485 | 90.8%
4 225 45 18 91 18x8J 340 4.85 85.9%
5 215 45 17 87 17x7.5J 220 4.27 105.4%
6 225 55 17 97 17x7.5J 220 5.74 89.3%
7 215 55 17 94 17x7.5J 220 5.25 87.7%
8 215 55 17 94 17x7.5J 260 5.25 81.1%

9 215 55 17 94 17x7.5J 300 5.25 76.2%

10 215 55 17 94 17x7.5J 340 5.25 72.0%

11 215 60 17 96 17x7.5J 220 5.59 85.9%

12 | 205 | 55 16 91 16x6.5J 220 4.85 100.0%

13 205 55 16 91 16x6.5J 260 4.85 91.6%

14 205 | 55 | 16 91 16x6.5J 300 4.85 84.8%

15 205 55 16 91 16x6.5J 340 4.85 80.2%

16 195 55 16 87 16x6.5J 220 4.27 92.5%

17 185 55 16 83 16x6J 220 3.82 101.0%
18 215 60 16 95 16x6.5J 220 5.44 91.1%
19 185 55 15 82 15x6J 220 3.73 106.7%
20 195 60 15 88 15x6J 220 4.41 98.1%
21 195 60 15 88 15x6J 260 4.41 89.1%
22 195 60 15 88 15x6J 300 4.41 84.4%
23 195 60 15 88 15x6J 340 4.41 79.6%

24 185 60 15 84 15x5.5J 220 3.92 94.4%

25 175 60 15 81 15x5.5J 220 3.63 90.4%

26 205 | 65 15 94 15x6J 220 5.25 94.0%

27 195 65 15 91 15x5.5J 220 4.85 99.1%
28 185 65 15 88 15x5.5J 220 4.41 100.3%
29 175 65 15 84 15x5.5J 220 3.92 90.7%
30 155 65 13 73 13x4J 220 2.89 114.3%

31 195 55 16 87 16x6J 210 4.27 92.7%

EEARNAMED 80% IZFRE L 72728 L & OMBIZIZIE
15T 3H, 2 RRBERIE AW ERGEL 7.

A4 Y H A4 XRNEE RRC & QBRI & 17
HETDEZEZLNDEDT, ThEaRBT520I2Z2H 58
FA—BDRIFHEASIIST A -2 E LTEEL 2. IR
L7z AJI73 T 2 = 2 DFEJPEIT DN TIRICER T 5.

PEDREDFT, 24 X414 XDISF A -4 W, H,
D, L} X U408 4 — & P, Fz TRRC &S
BffA RRC TF L& (2) TEHEL 7.

ZOEFLEHRNIC Table 3DFIF— 2 &5 4,
O/ FhDRX (3) 25 ETF AR a, 25 a, £ THIAE
EL 7.

RRC(ay, ay, . . ., ay/W, H, D, L, P, Fz)
=a1W+a2W2+a3H+a4H2+a5D+a6D2 (2)
+a7L+08L2+09P+a10P2+a11FZ+a12

W: Tread width [mm)]
H: Aspect ratio [%]
D: Rim diameter [inch]
where § L: Load index
P: Inflation pressure [kPa]
Fz: Normal load [kN]
a;: Coefficients of RRC multi-regression model
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Table 4 Identified model parameters for statistical Table 5 Estimated RRC by statistical RRC model
RRC model
Model Identified = =
coefficient value Note g2 rge o)
ay 3.62E-2 W Tire size and IP g ; 2 g ; .:'2_) 5
az -1.07E-4 W2 2% | E®s AT
as -1.06E-1 H s = & =
aq 7.51E-4 H?
as -8.34E-1 D 225/45R18, 91, IP220 107.9% 105.7% -1.0%
as 2.38E-2 D? 225/45R18, 91, IP260 97.7% 98.0% 0.2%
az 8.61E-2 L 225/45R18, 91, IP300 90.8% 91.9% 0.5%
as -9.61E-4 L? 225/45R18, 91, IP340 85.9% 87.2% 0.6%
:9 -4.09E-3 P 215/45R17, 87, IP220 105.4% 105.4% 0.0%
a:) ‘7"325'? :: 225/55R17, 97, IP220 89.3% 87.5% -0.8%
an 5.90E10 vint efc ot 215/55R17, 94, IP220 87.7% 89.3% 0.8%
215/55R17, 94, IP260 81.1% 81.7% 0.3%
215/55R17, 94, IP300 76.2% 75.5% -0.3%
215/55R17, 94, IP340 72.0% 70.8% -0.5%
215/60R17, 96, IP220 85.9% 86.7% 0.4%
Y 205/55R16, 91, IP220 100.0% 99.3% -0.3%
—=0> aq|, (=112 (3) 205/55R16, 91, IP260 91.6% 91.6% 0.0%
Oa, P 205/55R16, 91, IP300 84.8% 85.5% 0.3%
e 205/55R16, 91, IP340 80.2% 80.7% 0.3%
) 195/55R16, 87, IP220 92.5% 94.6% 0.9%
J= Z [RRC.— RRC (a,, a a /W.H,D.L.,P,Fz )]2 185/55R16, 83, IP220 101.0% 94.8% -2.9%
i 72t 12 i i i 1 i° iz
pn 215/60R16, 95, IP220 91.1% 89.7% -0.6%
185/55R15, 82, IP220 106.6% 104.8% -0.9%
ZOEIIZLTHRLNME RRC EFLOHE%E 195/60R15, 88, IP220 98.1% 97.2% -0.4%
Table 4 1= 7% 195/60R15, 88, IP260 89.1% 89.6% 0.2%
-/ .
’ 195/60R15, 88, IP300 84.4% 83.4% -0.5%
195/60R15, 88, IP340 79.6% 78.7% -0.4%
4. SteEER 185/60R15, 84, IP220 94.4% 95.1% 0.3%
175/60R15, 81, IP220 90.4% 96.4% 2.8%
205/65R15, 94, IP220 94.0% 96.8% 1.3%
4.1. RRC Flli#ER 195/65R15, 91, IP220 99.1% 99.6% 0.2%
Fl# X 783t RRC EFMIZ, A4 Y H A4 X, u—F 185/65R15, 88, IP220 100.3% 95.5% -2.3%
. . 175/65R15, 84, IP220 90.7% 91.2% 0.2%
e R N ek , 84,
1¥Tv 72, Vj’f% LU E G A, RI?C EAEIE L 7= 155/65R13, 73, IP220 114.3% 114.0% -0.1%
% Table 51Ind. 72, ZOHEEMEEFHMIL 72 RRC & 195/55R16, 87, IP210 92.7% 96.7% 1.9%
DORIBI % Fig. 4 1287
A RRC £ 7L O FHIME 25§ 2 MBI 4l IE R® =
0913 £ 7=,
MHIE R? & 8 FI05 AP ERE (3 L REF 5% 90
EEMINB)THD, I—EEFT LA RRC DY 4 XTRNE .
IC&2ZHEOBLZ 9FIEFTHL TWBE LS T EERL Standard Error = 2.13
TVB. LadioT, HRINEM TS A Y4 xomE &% e
e - " X,
#% B LU TRRC & EREMRE A MG 2 56, A C% S &
- N =Ly o 00
¥ Bl RRC & 7 i3 143 2 e hife % 45 g 70 o0 %
. - £ o
L2 L, Fig. 4 X0, MHERET ¢ =2.13 X 107 TS & @ 4
LR, PHIRTEBRL XM TRV GRS 1 HIfE § .
(]
Ko TWBH T Lk E, MRERANC Y72 5> T3 T h b RFD @ 60 S
HEA BEICHEL VLB . ¢
. S N N L —
SAYIEW, WVHEH, ) A%D, a—FA Y57y o2 o Yy = D-9994x
L, WH P I/ 28 D IKPIREC RRC O 71 | &4 50 60 70 80 90
. i . B Y
i L HE A AT 70 b L, Fig. 5 155, RRC (Measured) [x10-]
Fig. 54 RH2&, ThZThD¥ 4 255 X — KI5
RRC *ﬁﬁ'fﬁif; 3‘6 }5 @m&k}&*%g é%/) .( }5 D %‘ZEMIE@ Flg 4 Correlatlon betWeen measured RRC and
. o estimated RRC from statistical RRC model
£ 213 X 10" BIIZ 0 i L T 2 Z LR T E 5. with W, H, D, L, P, and Fz given
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Table 6 Multiple regression model - Stepwise verification using forward selection method
Model ID 1 2 3 4 5 6 7 9 10 11 12 13 14 15 16 17
Independent w W,H WHD |WHD,L|[WHDL,|WHD,L,|WHD,L,|WHDL,|WHD,L, |WHD,L,|WHD,L,|WHD,L, |WHDL,|WHD,L, |WHD,L, | WHD,L, | WHD,L,
parameters P P.Fz P.Fz, P.Fz, P.Fz, P.Fz, P.Fz, P.Fz, P,Fz, P.Fz, P,Fz, P,Fz, P,Fz,
w2 H? D? L2 p? FZ2 | WRH? | WAHZ | WAHZ | WRHRD? | W2 H2 D2,
D? D2L2 | LEPE | L2PAFZ
Statistics
R 0.367 0.516 0.554 0.639 0.906 0.907 0.912 0.957 0.935 0.926 0.908 0.947 0.960 0.968 0.968 0.972 0.973
R? 0.135 0.266 0.307 0.408 0.821 0.823 0.831 0.916 0.875 0.857 0.824 0.897 0.922 0.937 0.937 0.945 0.946
Adjusted R? 0.105 0.213 0.230 0.317 0.785 0.779 0.780 0.891 0.836 0.814 0.771 0.865 0.894 0.910 0.906 0.913 0.910
Standard error | 6.832 6.404 6.336 5.967 3.345 3.395 3.385 2.384 2.920 3.117 3.455 2.650 2.349 2.169 2.260 2.132 2.163
Coefficients
y-Intersept 1.33E+0 | 2.16E+0 | 2.78E+0 | 1.80E+0 | 2.66E+0 | 3.19E+0 | 4.79E+0 | 8.36E+0 | 9.14E+0 | -5.89E+0 | 3.39E+0 | 6.83E+0 | 7.56E+0 | 9.65E+0 | 4.88E+0 | 5.90E+0 2.37E+0
w -2.04E-3 | -3.97E-3 | -1.73E-3 | 9.64E-3 | 8.12E-3 | 7.21E-3 | -2.42E-2 | -5.69E-3 | -3.18E-3 | 8.74E-3 | 7.21E-3 | 8.15E-3 | 2.34E-2 | 4.51E-2 | 3.08E-2 | 3.62E-2 4.18E-2
H -7.82E-3 | -1.20E-2 | 8.07E-3 | -1.46E-3 | -3.21E-3 | -9.33E-3 | -1.33E-1 | -1.91E-2 | 1.11E-3 | -3.40E-3 | 2.88E-3 | -1.47E-1 | -1.31E-1 | -1.08E-1 | -1.06E-1 -1.19E-1
D -5.24E-2 | -2.36E-2 | -5.75E-2 | -5.98E-2 | -8.15E-2 | -9.39E-2 | -9.75E-1 | -5.24E-2 | -6.08E-2 | -3.67E-2 | -7.77E-2 | -7.24E-1 | -7.33E-1 | -8.34E-1 -1.08E+0
L -3.26E-2 | -2.25E-2 | -2.81E-2 | 1.11E-2 | -1.32E-2 | 3.57E-2 | 1.97E-1 | -2.80E-2 | -1.77E-1 | -4.97E-2 | -3.93E-2 | 9.68E-2 8.61E-2 2.40E-1
P -1.50E-3 | -1.49E-3 | -1.54E-3 | -1.46E-3 | -1.71E-3 | -1.51E-3 | -2.94E-3 | -1.68E-3 | -1.41E-3 | -1.54E-3 | -1.54E-3 | -4.09E-3 -3.81E-3
Fz 6.53E-2 | -1.46E-1 | 2.46E-1 | -1.76E-1 | 1.04E+0 | 6.54E-2 | 2.80E+0 | 4.82E-1 | 4.57E-1 | 7.62E-1 7.78E-1 6.06E-2
w2 7.12E-5 -7.03E-5 | -1.32E-4 | -9.25E-5 | -1.07E-4 | -1.27E-4
H? 9.77E-4 1.13E-3 | 9.56E-4 | 7.78E-4 | 7.51E-4 8.25E-4
D? 2.78E-2 2.04E-2 | 2.05E-2 | 2.38E-2 3.11E-2
L2 -2.03E-3 -1.02E-3 | -9.61E-4 -1.75E-3
P2 2.63E-6 4.55E-6 4.09E-6
Fz? -1.79E-1 7.24E-2
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Fig. 5 Comparisons between measured RRC and estimated

RRC with respect to W, H, D, L, P, and Fz
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Fig. 8 Comparison of estimates of RRC from Model 16 and Model 8 with measured RRC (relative to 205/55R16’s)
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