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Foreword

ISO (the International Organization for Standardization) is a worldwide federation of national standards
bodies (ISO member bodies). The work of preparing International Standards is normally carried out
through ISO technical committees. Each member body interested in a subject for which a technical
committee has been established has the right to represented on that committee. International
organizations, governmental and non-governmental, in liaison with 1SO, also take part in the work. 1ISO
collaborates closely with the International Electrotechnical Commission (IEC) on all matters of
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ECE Regulation No. 13 "Uniform Provisions Concerning the Approval of Vehicles of Categories M, N
and O with Regard to Braking" determines the minimum legal braking performance for new road
vehicles at the time of type-approval.

This braking performance is specified in terms of "stopping distance" and in terms of "mean fully
developed deceleration”" (mfdd).

The 08 s}ries of amendments to ECE-R13 requires that both the above parameters must be-fdifiljed;
furthermgre, the 08 series of amendments prescribes the method of calculating the mean fully

develope

The chos
Groups 6

l deceleration.

and 10.

For this r¢ason, it is useful to summarize the background information on this_subject in this ISO

Technica

distance

Report, by describing the physical fundamentals and the connection between stopping

en method of calculating the mfdd is based on the work done in ISO/TC 22/SC 2 Working

nd mfdd; this will enable the persons responsible for determining the braking performance to
analyse the results of testing, which are never exactly reproducible.

Because the legislative text does not stipulate the measuring equipment nor specific measuring

procedures, this Technical Report may indicate alternative solutions to the Technical Services an

manufact
possibiliti
contributi

The pros
explicitly

The repo

rers of measuring equipment; it will also addres§’ prospective computer-supported
es. In addition, the transition between different systems of units will be facilitated by this
bN.

pxplained in this Technical Report.

29), certdin approximations (see equations 30, 31 and 33) are also permissible within the require

accuracy
a vehicle

For thisr
evaluatio

bason, equation-31-was developed for computer-aided and equation 33 for graphical
ns.

pective legislative text will concede alternative methods of measuring the mfdd; these ar|

d to the

[

t clearly indicates that in addition to the exact solutions for the mfdd (see equations 16 and

)|

as documented by theoretical considerations and corresponding practical measuremerjts with



https://standardsiso.com/api/?name=ee1fcf560c3187f7b9864f9fecf50a89

1]
S
7'
(=2}
(o))
T
N~
[}
<r
[
-
o 2
Th
k- c
mN g a c c
—— C o) c 0. ] =
S <5 £ ¢ £ 5
] —_ Q i . 2
= o o & 3 © = c
o o K} @ 2 o o e 5
3 € g &3 3 2 £ ¥ 02
5 mw @ M_ m ) _p”rv —_ 3 © S E
= e Q _ g =
oo S @ & = & “w o © S o = Q
c [age = Mw ] % — 32} < Q .mu fih) © o
mv o O W” T m ot c o 4] - hu (®)] QW Hw
c- = — . g 2 b ] s} & =
- o T o — O o = (7)) _U ml .mm - c Aw D ()]
Q 3 c < T -~ £ c o S 5= = s e @ T O N
= ) s S £ 0§« - 3 © - s 2 @ - ® o
S - © — Q. s 2 gos @ 8 o 3 9 = g 2 < S S
d - 8 = C c =0 o w = O . =2 @ ~ O o 1
o 9 3 £ TR R = L 2 = 5 Z L 5 & <
S o 'S o 2 8 O = W c u 4 - 2 o 2 - 2
8 ® T €25 S = a2 ot 8 = o= o = 9 = e S £ @ =
- 3 S o = - T ] = ow= A2 - - [\ == - "Iz
32 = H5e o S 5 3 8 5 2, 3 o= 5 o 3 3 88 _ s 5 2 ®
[}) § Q © Qo > = 1 J O = Y <t - Q = - > O =~ “
- 4] ] = o O = D 3 ] - - O ] o) ) ) &
c- O o o £ [O RN 2 T 0 o R0 = @ © = M O * Q = =4 T = =
D 9 | s o c = £ 0w o O © &=~ %= . O = = w QO a3 -
35 T 2 28 B S 2 % c B T -/ 5 oc O S @ o © 6 = 2 o
2 G =| = S ° ® ® @ 3 ¢ g 3 £9 s § © & o 5 0 = )
S < 8 %5l =22 ¢ T Q@ T L 5 8 & T 5 2 o @ o U a = 2
ol Q o 9 9 S a O ) T c € o ,_m 9 5 o = O > O c ] o o a3 o
ol & T 2 3 0 J > 8 E s o 2 3 8 B 5 L2 3 a g & ® o £ ® o
== - A — « — — S~ — 3 - J  +5
8 & & g S| o83 22 5 =2 ° S © 9 e, § 54 ST & o — = C o2 9 2
-l o @ @ ol ®©.E >0 = g8 s o = Q. O ©is c o o 8 @ ) = = c =2 2
ol ¢ ¢ ¢ = 55 5 " 2 E © O © - Q- = >5 o © 8 = Q s S5 < .S
EREE: 55 3 S Eg 8 2% 85 B2 =5 9 £ E_33 |2 32;: 3
82 E &3 £ =32 5 EEEN 55 S8 g 28 £ 28T 3 | £ s 5 ¢ 3
s 9B 36 e © S x O - 3 0% ® © &5 >35 £ o = £ o Q2 c 2 3 ¢ 9
es s 22 g2 - 8 © X3 S = = g © § 5 o £ c o 8 c
c £ £E B o a 3 EB 2 S YE ¢ e < 5 & 2 = 8 2 =
. 5 & o3 EOo @ g =5 9 o O E = SOW T ]
O © T S5 D b o o2 = @ c O = ) o 3 o SRR
2 38 £ 58 > 5 5 3 8 £ 52§38 5 5 o
=] O e E 5 3 - ¢ Q D o © ©
- a e S o @ c = » O =
=N & O T = 0 & - C y I
c| & S % Y T £ O = D ¢ $ «© £ c T 2
& o= 0w o S = a & 8 ¥ g > c
S| € € E Q1 2 oo = @ £ b o © 8 > =
= E EE|E L N R 2 2 2827 o 2
— m “W = IAW m_ /_S nLS o QO T c m
, = & - R (%2} 31 = L
= £ E E = 0 QLo
_, - = o v [SVS
= = R
e & @« o o by
- - mm ~ = .m.
= E E E IR
2 - EVg 0 E E E
n _mw m_ — - - Mu - M| m-
| - Y > - - - - .
.Q." A.m" o © L = = & E
- m" < & ) x
© = &l o = w R“ o ™
_n\.-l > mu\ ...l_l [0} — = PR [
‘ Nl © g — = T = © )
g g lo & - T =03 - - =
— = 3 - a
L = & & 2 2 o z o
T © « :% g - o -
@ am E (nm 9 =
1w © © © £ e} L
5 8 5 4 B o —_
o O > %= - -
B £ Jos) ~
= 0 @& &
& & & &
I I")


https://standardsiso.com/api/?name=ee1fcf560c3187f7b9864f9fecf50a89

ISO/TR 13487:1997(E) ©1SO

SR (1) m distance path during the analytically given
deceleration aR (t)
S1, S2, S3 m braking distances with different deceleration paths
s1 (1), s2 (1), s3 (1) m different distance paths
T s total braking time
t, ti s time
tg, tg s points in time for the start and end of the evaluation range
tR s sum of response time and pressure build-up time
ts 5 timeattheendof astop
t4 s point in time at which the deceleration takes on the value,1/2
amax at first time
to s point in time at which the deceleration takes on the value 1/2
amax at last time
v km/h test speed
v (1) m/s, km/h  variable speed
VB, VE m/s speeds at the start and end of evaluation range
VE (1) m/s speed path during the analytically given deceleration
ar (t)
Vi m/s individual speed values
VR (1) m/s speed path during the @nalytically given deceleration
aR (t)
Vo m/s, km/h initial speed
vy (1), vo [t), va (t) m/s different speed paths
A amsN, A dms % related.differences of mean decelerations (Tables 5 and 6)
A @mt, AldmsN
At s time increment
T s time

vi
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Braking of road vehicles — Considerations on the definition of
mean fully developed deceleration

1 Technical considerations

The ECE Regulation No. 13 "Uniform Provisions Concerning the Approval of Vehicles'with Regard to

Braking" deals in Annex 4 "Braking Tests and Performance of Braking Systems" with-the observance of
certain stopping distances and certain "mean fully developed decelerations" under’defined tesf
conditipns.

The foymulae applied for the judgement of the stopping distance ordinarily have the structure

v2
S<Sp +S, =1l XV+
R D R 2Xd (1)

m

where|:

s ig the measured stopping distance, sg the.distance correlated to the response and presstire build-
up fime tg, sp the distance correlated to the mean fully developed deceleration phase, v thg test
speigd and dp, the so-called "mean fully.developed deceleration”. e.g. for passenger cars (vgehicles of
cat¢gory M4 according to ECE-R13) the following values are valid:

th=0,36s, (W=2222m/sand dm=5,8 m/s>

If the gtopping distance shallbe measured in the dimension m and in addition the dimension km/h shall
be usgd for the speed, we-get from (1) in the case of M{-vehicles the formula as it is known from the
Regulation No. 13:

2

4
s<O0,Ixv+—
V¥ 150 (@)

The problem is that there is until today no rule for determining the "mean fully developed deceleration"
(mfdd) in such a way that it is commensurate to the existing legal requirements for stopping distances.

A procedure which establishes mfdd in such a way that it is in accordance with the stopping distance
should additionally fulfil the following demands:

- Mfdd shall not be design-restrictive concerning the measuring devices i.e. even pure deceleration
measurements shall be evaluable.


https://standardsiso.com/api/?name=ee1fcf560c3187f7b9864f9fecf50a89

ISO/TR 13487:1997(E) ©1S0

- The evaluation of the mfdd shall allow the use of modern computers as well as conventional methods.
- A representative part of the deceleration process must be chosen for the evaluation.

Until now, in national regulations in Europe, mean values have generally been based on time. There is
no indication on any of the analytical processes that mean value formation based on time can lead to

considerable errors, if the stopping distance or speed path is calculated with this time-related mean
value.

Using various deceleration paths with the same time-related mean value, the following example shows
that both the distance-related mean decelerations and the appertaining stopping distances assume
different values.

Starting fllom the speed vg = 30 m/s, in a time interval of 0 to 6 s, the following deceleration paths| are
taken (Figure 1):

a, (t)=-5m/s’
a,(t)=—(8m/s* —1m/s’xt)
a, (1)=—(2m/s’ +1m/s’ xt)

3)

0

-2 -
c ~ a4
.g -4 \ /
©
s < =T
@ = . .
& R IN ] N T

m/s? —
Naw] Va0 | DNam
-10 t
0 1 2 3 4 s 6
Time

Figure 1 - Different deceleration paths with the same time-related mean value

Integratign over time gives the speeds (Figure 2):

v, (t)=30m/s-5m/s* xt
(4)

v, (1)=30m/s-(8m/s"=0,5m/s’x t) Xt
v, (1)=30m/s—(2m/s’ +0,5m/s’ xt)xt
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30 — !
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m/s \ <
\\. \ Va(t)
20 A\ A
T \ . ~ \
g 15 A .
@ Vl(t)/ //\ * \ \
10 v, S OSCS
5 : \\ \
X\,
0
0 1 2 3 4 s 6
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Figure 2 - Speed paths correlated to the decelerations in figure 1

Integrdtion of the speeds over time gives the distance paths (figure 3):

s, (1)=30m/sxt—-2,5/s" xt’ (5)
_ 2
s, ()=30m/sxt—(8m/s* —0,3 mis’ xt)x—tz—

\ 2
5, ()=30m/sxt—(2m/s +0,3m/s xt)x%

120
m T ]
;00| 47 | |
. 80 \ 1~ ]
: L
‘—2 o0 //. 1/\\\51(”
40 Wz o N
/ s,(t)
20 /
0

Time

Figure 3 - Distance paths correlated to the decelerations in Figure 1

In the case of different decelerations a (t) with the same time-related mean value, major deviations in
the braking distance are apparent (Figure 3):

s1=90m Sp=72m s3 =108 m
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If the deceleration paths correlated to Figure 1 are plotted against distance, the result is shown in

[ e POV
riguie 4.

With the

which rep

It can be
of amg1

The prev

decelerafion, designated)as dn, in equation (1). Particularly so because the legal requirements bg

the curre
evaluatio

3487:1997(E)

L —_— '\s .'
5 ——1_/
E 4 L~ o~
7:3 ‘6 \\ i o - \
Q \ . —1 - \ / \
2 .=\ \
m/s \ T
a,(s) a,(s) a,(s)
-10 _ IS
0 20 40 60 80 m 120
Distance

Figure 4 - Deceleration paths over distance based on the distances in Figure 3

nelp of the equation:

Vo

2Xs

,J=1,2,3 (6)

msj
resents a special case of the equation (11) developed in chapter 2, the results is as follg

ams = - 5,0 m/s? ams2 = - 6,25 m/s? amez =-4,17 m/s?

- 5.0 m/s“ the value.is‘equal to the time-related value.
ous discussions-indicate that it is necessary to carefully interpret the mean fully develop

nt edition of ECE Regulation No. 13 allow the possibility of using the mfdd dp, in additior
h of the stopping distance for approval tests.

©1SO

DWS:

seen that éhe distance-rélated mean decelerations deviate from one another. Only in the case

ed
sed on
to
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2 Theoretical considerations
2.1 Basic equations

The physical derivation is required to help understand the second term sp from equation (1) containing
mfdd. Starting with the basic equations:

and

o= (8)

the follpwing relationship can be obtained by eliminating the time differential dt in (8) by substitution
using (7):

1
ds:—a——EEXV(t)XdV (9)

The question of a suitable definition of mfdd is equivalent to. the question which representative constant
decelefation rate a can describe a given deceleration process. Considering the difference between

distange sp at the start and distance sg at the end of thezevaluation period it can be obtained by
integrating (9) within the associated speed limits vg and vg

2

sJ;ds=sE—sB =%xj£v(t)xdv=%;—2—3 (10)
or:
2 2
5:2;&}3 XBSB) (1)
When the vehigle is braked to a full stop Vg goes to zero. Equating:
Sg — S =Sp (12)
la|=d, (13)
and:
Vg =V (14)
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it follows from (10) or (11) the second term of (1). This clearly describes its physical background.

Corresponding to the literal sense of mfdd the same result can be obtained by calculating a mean value
ams for the distance-dependent deceleration a(s) using the usual mathematical definition of a mean:

1 ¥ 1 Fd
a_ = x [a () xds= x | =xv(t)xdt (15)
S =Sp & Sp—sg , dt
This results in:
2 2
Vg — Vg
By = 2 —B— P

2 X (sg —Sg) (16)

The representative deceleration a according to (11) and the mean value amg accordingto (16) arg
therefore |dentical. So it is proved that only a distance-related mean deceleration is.incharmony with the
stopping glistance.

A time-relpted mean value apn; between the times tg at the beginning and tg(at the end of the evaluation
period can also be calculated analogous to (15) according to the equation:

1 ' 1 ® g
a, = xja(t)xdt= xj & dt (17)
se—tg o se—tg 5 dt
This results in:
Vg — Vg
a =—
mt tE _ tB (18)

When thel deceleration process is not constant, an; deviates from ang as it was already shown in the
examples in the introduction. The followihg discussion describes the effects of the difference betWyeen
ams and gmt in greater detail.

2.2 Detprmination of the distance-related mean deceleration from a(t)

Before cgntinuing with the derivation of the physical laws required for a comparative discussion of ams
and ant, @ few deficienciésiin the previous discussion need to be cleared up. In equation (13) it was only
possible fo achieve the transition to dm by using the absolute value of a. This was necessary, because
the legal fegulations;only allow the use of positive deceleration values, while deceleration rates have
negative Values in-exact physical terms, as are obtained in equations (11), (16) and (18). Moreover
substitutipn of w.-for vg in equation (14) is critical, because legal regulations define v to be the testing
velocity, Whéreby vg as used below means the velocity at the start of the evaluation period.

1) The anticipated legislative text in ECE-R13 is based on this equation.
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This paper further uses in its theoretical part and while discussing analytical functions (see chap. 4.1)
the physically precise denotation. But all deceleration rates and curves based on braking tests have
furtheron positive values as it is usual in every-day measurement practice. Index "E" is used to
designate all values at the end of the evaluation period and not at the end of a braking manoeuvre to a

atanm o bl dlen Adacaviadlaia Y Y YN | (PP L N

Iull blUp, SO ll ldl lll!'} UBbbllpllUl [ UGIUW are yci It’ldlly lelu WllllUUl IilllildllUl 15.

. > > € a\ a ldUIb‘ Ill llle case UI
ndv and for th distances sg and sp, and in the case of (18) for the velocities

o mad Alarmuia dla H. ~ ONEE e o} PP |
i

VE af nd vg and for the times tg and tg, which is not aiways wne case in pra tice. Often oniy a rb‘u)lulllu of
the time-dependent deceleration sequence a(t) is available. In such cases it is necessary to find suitable
solutiops based on (16) and/or (18). Moreover a solution has to be pointed out for evaluatiom\of mean

Aanalatatinma 11aimm Armmsavie bl -

Geceiefations usii 1Y appiuAlNIauvll.

[
3
[oX
5
(]
="
x
(]
Q
[}
=
(]
=
3

jdv_ ja(t)xdt (19)

13}

or:

v(t)=vB+j a(t)xdt (20)

ip

Integration of (8) within the fixed limits Vg, Vg, TE and*Tg yields:

VE tg
JdV=VE—vB=Ia(t)xdt (21)
VB tg
Squaripg (21) we obtain:
tg tg 2
Vi=yi=2xvy '[ a(t) x dt+ fa(t)xdt (22)
ty tg

Integrgtion of (7) within the fixed limits sg, Sg, tg and tg and utilization of (20) resuilts in:

Sg tg tg t
jds=jv(t)><dt=j vB+Ia(t)><d1: x dt (23)
g tp ty ty
or:
tg t
sE—sB=(tE—tB)va+”a(r)xdr><dt (24)
tg tp
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Combining (21) and (24) we obtain:

Sg —Sg =(tg —tg) X vy —(tg —tg) X fa(t)xdt+f ja(r) x dt x dt (25)

tg tg tp

With (22) and (25) we obtain from (16) the following equation:

2Xvg X Jga(t) xdt—[ia(t) xdt]

_ v v (26)
my ~ tg tg t
2% (ty —ty) X v — (tg —tB)xja(t)dej Ja(r)xdrxat ]
tg tg tg
To expresp vg by a(t) in (26), we derive the following from (8) analogous to (21):
o ts
jdv=0—vE=ja(t)xdt 27)
VE tg
or:
ts
ve =— | a(t) xdt (28)
tg
whereby tf is the time at the end of a stop.
With (28) we obtain the following from (26):
tg 143 tg 2
2x |a(t)xdtx [a(t)xdt+| |a(t) xdt
{() {() Uﬂ() ] 29)
arns = t, tg t
2 ><|:(tE ~t5) x [ a(t) xdt - [ [a(t) xdrxdt ]
tg tg tg
If tg for a full stop braKing manoeuvre is very close to tg and since vg = 0 in these cases (29) as ell as
(26) can he simplifiedto:
2
g
( fa(t) X dt} Jam
J (U]
_ '
Ams = 1 It
2X|(tg —tg) X Ja(t)xdt— Jja(r)xdrxdt
s 1]

Equations (29) and (30) provide the solutions sought, allowing calculation of a distance-related mean for
time-dependent deceleration sequences a(t).
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2.3 Evaluation procedures

For the numerical determination of amg by help of computers a value amen can be derived from
individual deceleration data aj, registered at the time increments At, using the formula in (30):

E 2
lx 2 MxAt
a = 2 i=B+1 2

(31)
ms E . +a. E i a.,—1+a. E . .
(tg_ty) X Y, %xm— > J—'z—’xAt2 + ) a“‘le'a'xAtz
i=B+1 i=B+1 j=B+1 i=B+1

In pragtical situations deceleration diagrams often must be evaluated graphically. Here the)equation for
a straight line is taken for approximation:

ag_ag antE—aExtB
ap ()= Xt+ (32)
tg —tp tg —tp

whereby ag and ap are the deceleration values belonging to the times te@nd tg compatible with the
equation for a straight line and therefore positioned on that line. They should not be confused with these
values|associated with these times on the deceleration curve a(t).

By thig procedure the common method of approximation will b&simulated drawing the most adcurately
adapted line through a given time-dependent deceleration curve by means of visual estimatior|. The
distan¢e-related approximation can be obtained from (30).with (32):

"EX (ag +aB)2

5mt - (33
4 .ZXag +a,
With (32) the time-related approximation car-be obtained from (17):
. ag +a
amt = £ 2 2 (34I)

Summarizing, it can be stated that for comparable considerations of time- and/or distance-related
evaluation methods, the equations (16), (18), (29), (30), (31), (33) and (34) can be applied.

Equatipns (16) and (18)are generally valid. (29) is the exact solution for the distance-related niean

deceleration based exclusively on time-dependent deceleration measurements. Based on equation (29),
equation (30) represents an approximation solution for the distance-related mean deceleration Equation
(31) pgrmits the-numerical evaluation of the distance-related mean deceleration of measured
decelerationzeurves on the basis of equation (30). Equations (33) and (34) are graphical approkimation
solutions;.whereby (33) constitutes the distance-related and (34) the time-related mean value.
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3 Evaluation Limits for the Determination of the Mean Fully Developed Deceleration

Since the transition from the initial braking phase to that of fully developed deceleration, and the
transition from the fully developed deceleration to the stop, occur continuously, the selection of

evaluation limits, that means the selection of tg, sg, vg, ag and tg, Sg, Vg, ag respectively, cannot be
strictly objective or unequivocal.

Due to this background, the most diversified evaluation limits have been discussed in the different
technical panel meetings. Essentially, the evaluation limits illustrated in the following Figures 5 and 6

have resulted from such discussions. To facilitate further discussions, chapter identifications have been
attributed to the limits.

The possiLiIities for the evaluation limits are:

3.1 Evajuation limits in connection with the velocity signal

3.1.1 tg&=1(0,8 x vp) for start of the evaluation range and
te £ 1(0,1 x vp) for its completion 2

3.1.2 tg 10,9 xVvp) for start of the evaluation range and
te £ 1(0,05 x vp) for its completion.

3.2 Evaluation limits in connection with the deceleration signal (see figure 6)

3.2.1 tg3ty (1/2a,,) +0,3s forstart of the evaluation range and
teEt (1/2anay) - 0,18 forits completion.

-
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< Wt | ————— 3.1 ]
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Figure 5 - Analysis limits drawn in time signals of a braking test

2) These evaluation limits are dicated in the anticipated legislative text in ECE R13
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Figure 6 - Determination of the evaluation limits in connection with a time-dependent
deceleration path

3.22 {g=ty(1/2ay,) +0,4s forstart of the evaluation range and
fle=1ty(1/2a,,) - 0,28  forits completion.

3.3 Eyaluation limits in connection with the totalbraking time

ig=03T for start of the evaluation range and
e=09T for its completion.

3.4 Eyaluation of limits by engineering’judgement

Limits gre evaluated based on an engineering assessment. The start of the evaluation period ligs at the
point atlwhich a clear transition from deceleration increase to fully developed deceleration occufs. The

end of the evaluation period liés at the point at which the fully developed deceleration is succeeded by a
sharp drop.

The choice of the evaluation limits should be in conjunction with the choice of the equation used for the
determination of mfdd;in other words, with the time signals employed to determine mfdd.

If the eyaluation of mfdd is to be carried out in respect to equation (16), it is advantageous to choose the
evaluatjon Jimits according to 3.1.1 or 3.1.2, since information regarding the time-dependent velocity
curve must be available for the evaluation.

If however, equation (31) or (33) is chosen, the information regarding the time-dependent deceleration
curve will be fully sufficient, so that, logically speaking, the evaluation limits mentioned in 3.2.1 or 3.2.2
are to be used.

11
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The evaluation limits according to 3.3 can be used for all evaluation procedures. These limitations
defined over the entire braking time have a certain disadvantage, since additional information will be
necessary regarding the points in time of braking commencement and complete standstill respectively,
which in turn means additional measuring efforts. As Figure 5 illustrates, these evaluation limits define in
fact the smallest representative evaluation interval too.

The evaluation limits mentioned in 3.2.1 describe the largest evaluation interval, whereby however, the
termination of the evaluation is placed shortly before the point in time of vehicle standstill. During
excessively damped pitch motions or accelerometer characteristics the slope of the accelerations curve
is planar as shown in Figure 5 which brings about the fact, that due to the definition of tg, the limit will be
set shortly after vehicle standstill. Therefore, the decelerations attained during the test run, with
conditions mentioned in 3.2.2, are to be considered as the more suitable alternative.

The limits relating to the vehicle speed according to 3.1, cause difficulties to be able to accurately
determing the defined final value 0,05 x vg during practical testing and evaluation procedures, when the

data transducers do not exhibit corresponding measurement and resolution accuracies.for low vehicle
speeds.

What influence the different evaluation limits have on the mean deceleration values will be discugsed in
chapter 4 where the different evaluation procedures aided by analytical functions and by measur¢ments
recorded|during driving tests are judged.

4 Application

4.1 Analytical functions

4
]

The essgntial equations for a comparative discussion of the methods for determining the distanc
related ahd time-related mean values were described in the preceding chapters. In this section a
comparison is to be performed by means of analytical functions, which allow recognition of the influence
of the vafious evaluation methods in precise mathematical form. If only real test results were usef for
the judggment of the methods, the inevitably unavoidable measurement errors would also affect the
judgement of the methods. This will be dealt with in chapter 4.2.

Deceleration curves (Figure 7) which'can be described by the following polynomials of the tenth grder,
are used|for comparison of equations (16), (18), (29), (30), (31), and (33):

agp(t) = zaFi xt' (35)
ag(t) = ZaRi xt! (36)

12
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Table 1 - Coefficient of the above mentioned polynomials

i ag ap;

2 - 74,910577 - 42,423426

3 153,60554 76,923847

4 - 144,35635 - 61,932803

5 77,628303 27,761645

6 - 25,629472 - 7,3937696

Z 52783113 11581775

8 - 6,6020059 x 10”1 - 9,6665526 x 102
9 4,5796351 x 1072 2,9506892 x 10-3
10 - 1,3477421 x 103 4,4239856 x 105

ge of variation for the deceleration described by these functions is certainlysufficient to
prst-case situations in practice. The high order of the polynomials was necessary to obtdin
maximums and minimums in the curves. In particular it was necessafy to ensure that the curves
zero with a horizontal tangent and end again very abruptly at zerofor simulation of actt£

ns. The high order of the polynomials required extended accuracy’in the computer eval

cover

tion.

f also illustrates the time-dependent velocity and braking distance curves obtained by integration.
F(t), described by equation (35), was selected in such aimanner that the final velocity of

zero is

reached after ts = 6 s from an initial velocity of vo = 36,47 m/s, With a braking distance of sg = 1(02,05 m.

This cu
equatio
trend.

've indicates a decreasing trend over its entirety. Correspondingly for curve ag(t), described by
h (36), are tg = 6 s, vg = 35,86 m/s and sg = 121,25'm. This curve shows a primarily incfeasing

e 160
t s (t)
m/s \\\‘\\4/ : L — m g
2 2 . — 1\ 80 g
a L~ e ~ \s (t) @
(/2] ~ F —
a
10 ] %~ 40
Ve (t) 1 .
0 0
0
(]
3 -4 \\‘ ag(t) ac(t) l’
8 A\ —— /
a m/sz \\ i — . /
N~—
-10
1 2 3 4 s 6
Time

Figure 7 - Analytical functions simulating two different braking processes
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To provide the marginal conditions required for evaluation the mean values accordlng to the equatlons
(18), (18), (29), (30), (31), and (33) the conditions 3.1.1, 3.1.2 ard 3.2.1 were selected from chapter 3.

Using these marginal conditions and the separate time-dependent values aj derived from equations (35)
and (36) for the deceleration curves, vj for the velocity curves and s; for the braking distance curves, the
marginal values were calculated for vg, Vg, tg, tg, Sg and sg listed in Table 2.

Table 2 - Marginal values

Deceleration curve ar (t) ag (t)
Eleuation limit 3.1.1 3.1.2 3.2.1 3.1.1 3.1.2 3.2.1
Vi m/s 29,18 32,82 33,85 28,69 32,27 33,16
VE m/s 3,65 1,82 1,01 3,59 1,79 0,87
tg s 1,19 0,78 0,66 1,64 1,00 0,85
tg S 5,25 5,56 5,70 5,46 5,67 5,79
SR m 40,32 27,53 23,52 54)11 34.,65 29,74
Sg m 100,88 101,73 101,94 120,44 121,01 121,18
ag m/s? - 8,41 - 8,68 - 8,69 - 4,65 -4,71 -4,80
ag m/s> -4,19 - 4,30 -4,32 - 8,50 - 8,38 - 8,28
Here a;, yj and sj were determined for timeincrements of At = 0,1 s. The marginal values listed in the

first six lines were obtained from a;, v; and's; by interpolation, if they could not be derived directly|from
the marginal conditions. To determine.ag and ag first the linear approximation curves were calculated for
the individual deceleration values(ajwithin the time interval tg to tg according to the Gaussian mdthod of
smallest ferror distribution. However, to get the final results for ag and ag no interpolation method was
used. Cdrresponding to the-selected time increment A t values rounded off to 0,1 s were used fof tg and
te and these values were-inserted in the calculated linear equation.

The results of the different calculation methods are compared in Table 3.

14
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Table 3 - Comparison of different calculation methods

ISO/TR 13487:1997(E)

I
i deceleration curve af (t) ag (1)
n
e evaluation limit 3.1.1 3.1.2 3.2.1 3.1.1 3.1.2 3.2.1
VE2—V32 2
1 —E "8 mis® | -6,92 | -724 | -730| -611|-6,01 | -6,01
2X(SE"SB)
integration, 2 | } ) ) )
2 56 90, (30) m/s 712 | -7,34 7.35 599 | -596 | -5,08
3 L2-u1 % | +29 | +14 | +07| -20| -08 | 105
L1
4 sum, mis® | -7,00 | -732 | -7.34 | -597| 696 -5,99
see eq. (31)
5 L4-L1 % +25 | +11 | +05| <23| -08 | -03
L1
3 (ag +ag)° 2
6 mis* | -7,10 | -7,32 | -733| -599|-599 | -6,01
4/(2xag +a,)
7 L6-L1 % +26 | +149 +04| -20| -03 0,0
L1
3(aE+aB)2 2
8 m/is® | -6,99°"-7,16 | -712 | -598|-604 | -6,05
4|(2x ag +ag)
9 L8-L6 % 15| -22| -29| -02| +08 | +07
L6
10| P -deviation % | +21 | +29| +20| +08| +1,8 | +20
qf 11 persons
Ve =V 2
11 Ve =V’ mis® | -629 | -6,49 | -652 | -657|-653 | -654
tE_tB
12 L11-U1 % 291 | -104 | -107| +75| +87 | +88
L1
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Line 1 lists the exact mfdd values according to equation (16). A check with equation (29) using

© I1SO

equations (35) and (36) prowdes the same results as expected This applles only approx1mate|y for the

\lﬁll 1na in lina D whial vafla ALia Ay

vaiies in line 2, which reflect ai laluyu'ue evaluation a aubuluulg to cquauuu \QU) The differences between

lines 1 and 2 are understandable, since equation (30) represents an approximation in relation to
equation (29), because tg is set equal to tg and it is assumed that vg = 0.

Line 3, demonstrating the deviation between line 1 and line 2 was calculated in percent clearly s

that tha Aaviatian hanamaa ainnifinanthy emallar ag t— annraanhaa ¢ tha camiiaman ~AF e mumdioa

wiatl tine Geviatlion oecoimes Siyinnivaiiuy sinanci as g appirvaviics ‘b ||I the STYULCIILE Ol llldlgllldl
conditions 3.1.1, 3.1.2 and 3.2.1. This applies accordingly for lines 4 and 6, which deviate from li
only slightly.

Line 4 lists the results according to equation (31) offering a possibility for computer evaluation of

hows

ne 2

deceleralion curves actually measured. Even line 6, which lists approximated values accordingt
equation|(33), clearly shows that in principle this method is also permissible for worst-case situat

ons.

ne 8in es whether this can also be expected in practical situations. The results in'this line were
obtained by having eleven test persons graphically evalua e independently of one another the
decelerali ion curves given m Flgure 7 with their differing marginal conditions 3.1.1,/:3:1.2 and 3.2./t by
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Remem enng that in line 3 the reduction in the error was already significant in the sequence 3.1
3.1.2, 8.
advantage that highly compatible resuits can be obtained with highly differing evaluation methods.
the fact that the conditions selected under 3.1:2 for the velocities vg and vg do not indicate any I
compulspry and mathematically justifiable réelationship to the conditions selected under 3.2.1 for
times tg pnd tg, does not lead to grave deviations in lines 1, 2, 4, 6 and 8.

Summarjzed it can be said in terms.of the method used that evaluation of mfdd according to eq
(16), (29), (30), (31) and (33), preferably under marginal conditions 3.1.2 and 3.2.1, is permissib
following chapters show that this-conclusion also applies for practical situations.

4N
1y, (RIS R]
in percent;'shows an irrefutablevl‘mcrease

with
ime-
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, it appears logical to give marginal conditions 3.1.2 and 3.2.1 preference. This also Has the

Even
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4.2 Measurements

The last section showed the methodically conditioned influences of the different evaluation procedures
with the support of synthetically generated analytical functions. In contrast to this, the following chapter
will exemplify attainable results on the basis of real measurements acquired with the different evaluation
methods, so that, besides the methodically conditioned influence, the measurement and evaluation
errors can be additionally considered as they occur in practice.

The procedure consisted of braking tests performed with a 2,5 t van. The investigations were exclusively
carried out below the wheel-locking threshold. It is advisable to take the evaluation results arising from
equation (16) as basis of comparison for the other evaluation methods, since equation (16) is based on
the direfTly measurable quantilies "speed” and "distance” and it thereby offers physically exact :Lesults.
But only then accurate results are rendered, when extremely precise speed and distance méasurements
have been recorded. Therefore, a statement regarding the precision, with which the braking’distance
can be gdetermined, has to be placed before the discussion of the evaluation methods.

To be aple to formulate statements regarding the evaluation methods in a general valid manner, one
had to generate within the tests deceleration curves, deviating from each other:ln this way it is possible
to demqgnstrate the dependence of the mean values results on the different €valuation procedures. So
that all yariations of averaging based on different information acquired during field testing, can be
directly compared to each other, the main objective of these tests was to’simultaneously acquir¢, with a

high level of precision, all physical values necessary for the different evaluation methods during|one test
run.

4.2.1 Measurement equipment of the test vehicle
The var) was equipped with the following transducers:

— fifth wheel with 500-pole ring gear ;
— correlating optical speed transducer ;
— and a|gyroscope measuring platform with an‘acceleration pick-up element.

With the aid of the fifth-wheel the stopping-distance and vehicle speed were determined. The speed
signal of the correlating optical transducer rendered through subsequent integration the stopping
distancg as well. The acceleration_pick-up measured horizontal vehicle deceleration values.

In additjon, the stop light switch of the vehicle was used as information transducer for the braking
commenpcement and to trigger a cartridge filled with paint. The cartridge, after being fired, markgd the
braking|commencement on‘the road surface. So it was possible to accurately measure the distance

travelled by the vehicle up to its standstill with a tape-measure.

The data were correspondingly amplified and stored on magnetic tape. Such a test has already|been
shown in Figure.§. At this point it must be added, that the oscillations appearing in the deceleration
signal gfter,vehicle standstill, are caused by the pitching motion of the vehicle executed when it|returns
to its orjginal static state of equilibrium.
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4.2.2 Reproducibility of stopping distance measurements

The measurement of the stopping distance plays a major role in legislation, because in ECE Regulation
No. 13 it will not only be used for the judgement of vehicle braking performance, but will be employed in
future times for the determination of mfdd according to equation (16). In this way the quality of stopping
distance determination appears as an immediate connection to the topic discussed in this paper A

A 4
comparison of certain stopping distances determined by different methods during a series of seven tests

is illustrated in Table 4. The vehicle was decelerated in a range of 6,5 to 7,0 m/s? from a test speed of
80 km/h on a dry asphalt road surface.

Table 4 - Stopping distances measured by different methods

Stopping distances Relative error
Test | Tape-measure | Optical speed | Fifth wheel | Optical speed | Fifth wheel
no (m) tranls:l:mer L tranlsog\ucer ol
iy \F) \70] \70)
A14 39,46 39,60 39,40 + 0,35 -0,15
A15 38,41 38,34 38,34 -0,18 -0,18
A16 38,54 38,54 38,43 0,00 - 0,29
A17 37,91 37,94 37,85 + 0,08 -0,16
A18 40,93 41,09 40,89 + 0,39 -0,.10
A19 40,06 40,10 39,94 + 0,10 - 0,30
A20 41,07 41,13 40,96 + 0,15 - 0,27

The column “tape-measure” in Table 4 lists the manually measured stopping distances of the vehicle. To
the stopping distance values, the travelling distance was added, which the vehicle transgressed ¢luring
the so-called lag time period of the paint cartridge. This lag time period starts once the stop light[switch
has been triggered at braking-commencement and ends at that point in time when the paint has met the
road surface. The correspanding distance was determined in a test with the aid of a road-fixed trjgger
mechanism for the paintccartridge charge. The distance amounted to 0,25 m for a test speed of $0 km/h.
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The column "optical speed transducer" contains the stopping values determined by integration of the
correlation optical speed signal, the column "fifth-wheel" demonstrates the stopping distances
determined with the aid of the fifth-wheel. The impulses triggered by the ring gear were counted, starting
at braking commencement up to vehicle standstill and corresponding to a previously recorded calibration
value, mathematically converted into a distance travelled by the vehicle. Since the fifth-wheel was
attached to the rear end of the vehicle, from the above-mentioned distance was subtracted that portion
which the fifth-wheel has travelled additionally by pitching motions of the vehicle, due to its geometric
lay-out. If the manually measured stopping distance has been predetermined to be the absolutely
accurate stopping distance value, then Table 4 demonstrates that the mean stopping distance is 0,1 %
longer when determined with the optical speed transducer and in turn 0,2 % shorter when determined
with the fifth-wheel. For both systems the maximum occurring error for the test series lies clearly below
0,5 %.

4.2.3 Evaluation of the mean fully developed deceleration

Out of the entire amount of field tests five characteristic deceleration curves were chosen (Figure 8).
Aside from the vehicle specific deceleration curves (tests A16, A20 in Figure 8) artificial deceleration
curves were generated with sharply dropping slopes. This was performed by the driver, in that tEe brake
pedal was depressed as fast as possible and, while the vehicle was decelerating, the brake pedal was
again released very slowly. The results being the deceleration curves of tests A22, A26 and A3Q. The

differen{ evaluation methods were applied to these braking procedures characterized by the dedeleration
curves, shown in Figure 8.
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