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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 be represented on that committee. International
organizations, governmental and non-governmental, in liaison with ISO, also take part in the work.
ISO collaborates closely with the International Electrotechnical Commission (IEC) on all matters of
electrotechnical standardization.
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Introduction

The main purpose of this document is to provide a repeatable and discriminatory method for comparing
simulation results to measured test data from a physical vehicle for a specific type of test.

The dynamic behaviour of a road vehicle is a very important aspect of active vehicle safety. Any given
vehicle, together with its driver and the prevailing environment, constitutes a closed-loop system that
is unique. The task of evaluating the dynamic behaviour is therefore very difficult since the significant
interactions of these driver-vehicle-environment elements are each complex in themselves. A complete
and accurate description of the behaviour of the road vehicle involves information obtained from a

ot dife £ 4+ i
numper-oetreatrrerenttests:

Since this test method quantifies only one small part of the complete vehicle handling characteristics,
the vialidation method associated with this test can only be considered significant for a‘corrpspondingly
small part of the overall dynamic behaviour.
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Heavy commercial vehicles and buses — Vehicle dynamics
simulation and validation — Closing-curve test

1 Scope

This document specifies a method for comparing simulation results from a vehicle model to measured
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Normative references

Terms and-definitions

e validation is to demonstrate that the vehicle dynamics simulation, combined with a
ronic stability control (ESC) system, can predict the roll and yaw stability behaviotr
le, including the ESC system interventions, during a closing-curve test. The simiulation

ftware-in-the-loop, based on a software code generated from the same\sotrce as fo
eal vehicle. This document applies to heavy vehicles, including commepcial vehicles,
le combinations, buses and articulated buses as defined in ISO 3833’ (trucks and trz
mum weight above 3,5 tonnes and buses and articulated buses‘with a maximum w
nes, according to ECE and EC vehicle classification, categories M3, N2, N3, 03 and 04).

following documents are referred to in the text in such a way that some or all of t
fitutes requirements of this document. For datéd references, only the edition cited
ted references, the latest edition of the referenced document (including any amendme

833, Road vehicles — Types — Terms and definitions
855, Road vehicles — Vehicle dynamics.and road-holding ability — Vocabulary

5037-2:2002, Road vehicles — Vehicle dynamics test methods — Part 2: General conditiq
les and buses

1026, Heavy commercialvehicles and buses — Test method for roll stability — Closing-cU

9585:2019, Heavy commercial vehicles and buses — Vehicle dynamics simulation and V|
ly-state circular driving behavior

he purpose of this standard, the terms and definitions given in ISO 3833, ISO 8855, |
1026,'ISO 19585 and the following apply.

[he purpose
h integrated
bf a physical
method can
test stand]
" the ECU in
commercial
ilers with a
eight above

heir content
applies. For
hts) applies.

ns for heavy

rve test

ralidation —

SO 15037-2,

[SO a

3.1

nd IEC maintain terminological databases 1or use 1n standardization at the rollowing a

ISO Online browsing platform: available at https://www.iso.org/obp

IEC Electropedia: available at http://www.electropedia.org/

software-in-the-loop

SiL

ddresses:

method of integrating the ESC system into the simulation using a software code generated from the
same source as for the vehicle ECU
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hardware-in-the-loop

HiL

method of integrating the ESC system into the simulation by incorporating both the vehicle model and

the ECU har
3.3

dware into a HiL test stand

ESC intervention time
point in time during a single test where the first ESC (drivetrain or brake) intervention occurs

3.4

intervention-—steer ius wheel auslc

steering wh

3.5

intervention yaw velocity

yaw velocity

3.6
interventi
lateral accel

3.7

maximum i
maximum if
during the t

4 Princi

The test me
vehicles and
electronic sf

Within this
model can p|
to simulate
in ISO 1102
the respect
simulation.

Prior to thd
cornering a(
done accord

wheel lift-offf during the closing curve test and that ESC interventions are represented correctly b

simulation.

cel angle at the ESC intervention time (3.3)

 at the ESC intervention time (3.3)

n lateral acceleration
ration at the ESC intervention time (3.3)

nitial velocity
iitial driving condition velocity for the test path at which.no subsequent wheel lift-off o
bst and at which the vehicle maintains the intended trajectory

ple

thod defined in ISO 11026 serves to determine the rollover stability of heavy commg
buses as defined in ISO 3833. The testmethod is designed for vehicles equipped wi
ability system (ESC).

document, the purpose of the elosing-curve test validation is to demonstrate that a vd
redict the vehicle stability behaviour within specified tolerances. The vehicle model is
Q specific existing vehicle, which is also tested physically, using the test method speq
h. Measurement results‘are used to define reference curves and characteristic values
ve simulation results are compared to analyse the deviation between physical tesf

validation ¢f the vehicle model for the closing-curve test, a validation for steady-
cording to\ISO 19585 shall be conducted. In addition to this basic validation, the valid
ling to this document serves to demonstrate that the vehicle model correctly pre|

rcurs

rcial
th an

hicle
used
ified
and
and

State
htion
dicts
y the

5 Variables

The variables of motion used to describe the behaviour of the vehicle shall be related to the reference
axis system (X, Y, Z) of the first vehicle unit (see ISO 8855). For the purpose of this document, the
reference point shall be the centre of gravity (or alternatively the ESC sensor position) of the first
vehicle unit. This provision overrides the similar provision of ISO 15037-2. Measurement requirements
shall be taken from ISO 11026 and ISO 15037-2. The variables that shall be determined for compliance

with this do

— longitudinal velocity, v

cument are:

X

— steering-wheel angle, 6y;
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ateral acceleration, ay;

— yaw velocity, v ;

— i

ntervention flags (ESC output values) for both drivetrain and brake control;

— desired engine torque limit (ESC output values);

— desired brake torques or desired brake pressures (ESC output values);

— wheel speed sensor signals (as an indication for lift-off of the inner wheels).

Itis
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JR— q
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h— q
— 1
—
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For |
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6.1

The

capa
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calcy

Prio
corn
mod
folloy

gide slip angle of first vehicle unit;

gteering wheel angle velocity;

| 1l Al Lall H . . | 1 ade - o |
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oll angle of first vehicle unit;

oll angle(s) of the towed vehicle unit(s) at relevant points;
irticulation angle(s) between the vehicle units;

ype of ESC intervention (yaw control or roll stability control);
rehicle path of the reference point of the first vehicle unit.

heasuring lateral acceleration, yaw velocity and stéering wheel angle, it is sufficient to
br data from the vehicle bus system.

ehicles with an electrical actuation of the brakes, the desired brake torques shall be
ad of the desired brake pressures.

pimulation model parameters and requirements

General

yehicle model used te-predict the behaviour of a vehicle of interest shall include a v4
ble of calculating varidbles of interest for the test procedures being simulated. In thi

lated values of the variables of interest from Clause 5.

to the yalidation of the vehicle model for the closing-curve test, a validation for
bring according to ISO 19585 shall be conducted. Correspondingly, all definitions of th
] parameters and requirements included in ISO 19585:2019, Clause 6, shall apply, toget]

use the ESC

determined

thicle model
s document,

ehicle model is @sed to simulate the closing-curve test method described in 7.2 and to provide

steady-state
b simulation
her with the

ving'additional specifications for the closing-curve test and the interventions of the E

bC system.

6.2

Basic vehicle parameters

The basic vehicle parameters of ISO 19585:2019, 6.2, shall apply.

6.3

Estimated vehicle parameters

The estimated vehicle parameters of ISO 19585:2019, 6.2, shall apply, together with the following
additions.

6.3.1 Principal moments of inertia

The initial values of the principal moments of inertia shall be derived from measurements or design

data

© ISO
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6.3.2 Tyre force characteristics

In addition to the definitions specified for the tyre lateral force characteristics in ISO 19585:2019, 6.2,
the tyre model shall be capable of representing the tyre transient force behaviour.

The tyre model of the vehicle model shall include the tyre longitudinal force characteristics and a
representation of the combined lateral and longitudinal slip behaviour in order that the ESC system
brake intervention effects can be simulated. It is recommended that (on a dry and even road surface)
the deviation of the gradient around zero of the tyre longitudinal force versus longitudinal slip used
in the tyre model and the curves of the tyre measurement should not exceed +20 %. The maximum
value of the longitudinal force of the tyre model should be within #10 % of the measured value. For this

comparison
covering a W

NOTE
physical test]
characteristi

6.3.3 Dan

The initial
not be alter]
separate ca

NOTE
linear approx

6.4 Elect

The electro
control unit
be the same

When using
model, a so
delivered by
representat
the ESC (an

supplier and the user of the ¥ehicle model. Typically, the data submitted from the vehicle mod

the system
angle, whee

Alternatively, a comparison of the wheel speed signals observed during the ESC intenventid

)|

of characteristiccurvesof the tyres,curves of atteastthreewheelHoadsshouldbe
fide range of the wheel loads occurring during the test.

and in simulation can serve for proving correct representation of the longitudinal tyre
CS.

nper characteristics

alues of the axle dampers shall be derived from measurements:or design data and s}
ed more than +10 % during the validation process. Where,the vehicle model inclu
in mass the same requirements apply for the cabin dampéers.

ring the closing curve test the damper velocities are relatively low and therefore, it is possiblg
imation of the damper characteristics to be sufficient forthe validation.

Fonic stability control

hic stability control used in the vehicle madel shall have the same release number a
used in the test vehicle. The ESC parameéters for the simulation and for the test vehicle
and shall be documented.

the software-in-the-loop (SiL) méthod to combine the ESC functionality with the ve
ftware code of the electronic stability control or the complete electronic brake sy
' the system supplier is integrated into the vehicle model. This code should also cont]
on of the anti-lock braking system (ABS). The data transferred from the vehicle mog
1 ABS) system and vice'versa should be consistent and agreed upon between the sy

code are the sape as the sensor data transferred in the real vehicle, e.g. steering
sensor signals,yaw velocity and lateral acceleration. It is therefore recommended tha

vehicle mo

geometric lgcation aS.ih the real vehicle. The minimum output given from the system code to the ve
simulation thodelwithin the simulation loop are the flags of the drivetrain and braking interventid
the system and‘the desired drivetrain torques and brake pressures. It is recommended that addit]
parameter yalues are given from the system code to the vehicle model, which serve to monito

el contains;a'sensor for yaw velocity and lateral acceleration which is placed at the

nsed,

ns in
force

jould
les a

for a

s the
shall

hicle
stem
Qin a
el to
stem
el to
Uheel
t the
bame
hicle
ns of
ional

I the

correct functionality of the system code in the simulation loop.

When using the HiL method to combine the ESC system with the vehicle model, both the vehicle model
and the hardware of the ECU are integrated into a HiL test bench. To enable the correct functionality of
the ECU on the test bench, an additional exchange between the ECU and the vehicle simulation model
will be necessary. It shall be documented that the ECU was in an error free status when conducting the
simulation using the HiL method.

When validating the vehicle model for a vehicle combination, where the trailer unit is also equipped
with an ESC system, it is necessary that the vehicle model contains a representation of the trailer unit
ESC system. This can be done either by implementing SiL code, an electronic control unit of the trailer
stability system (for HiL testing), or a simplified representation of the trailer stability control system
based on information given from the supplier of the trailer stability control.
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As the electronic braking system typically contains learning algorithms to identify vehicle parameters,
e.g. the vehicle mass, it may be necessary to conduct other driving manoeuvres with the vehicle model
prior to the closing-curve test, such as accelerating and braking straight ahead. It is recommended
to monitor the “learnt” values such as vehicle mass as output values of the ESC. When using the SiL
method, these parameters may also be entered manually during the initialization phase of the SiL code
in the simulation.

6.5 Braking system

For representing correctly the braking interventions of the electronic stability control, the vehicle
model shall include a model of the braking system. This model shall contain the dynamic response of

the
Furt
brak
brak

Whe
or pd
mod
thet

A co
brak
of th

6.6
The :

7 1

7.1

The

phys
ESC
path

given in ISO 11026. The loading condition definitions of ISO 11026 shall apply.

The ¥
data

ehicle brakes to the brake torques or brake pressures desired by the electronic stab

ng force distribution between the vehicle axles). For vehicle combinationg,)this i
ing system of the trailer(s).

h using the SiL. method, the representation of the braking system can be pdrt of the v{
rt of the software code delivered by the system supplier. When using,thie HiL method
] can contain a model of the braking system, or the braking system can be included |
bst stand.

mparison of the physical test and simulation results for brdking straight ahead wit
e torque, in accordance with 1S016552:2014, is recommended for proving the correct fi
b braking system (including the ABS) within the vehicleumnodel.

Additional model requirements

dditional model requirements of ISO 19585;2019, 6.2, shall apply.

Physical testing

General

physical vehicle of interest'shall be tested using the method specified in ISO 1107
jcal tests and the simuldtions shall be run steering clockwise and steering counter clo
ON” and ESC “OFF”.(For each steering direction and each variation of initial vehicle
a minimum of thre®valid test runs shall be conducted. The criteria for a valid test r{

rariables medsured in the physical test may need correction in terms of sensor location,
processiig (filtering, etc.) to be comparable to the corresponding simulation signals. T|

lity system.

hermore, it shall contain a representation of the braking forces at the wheels (e.g-including the

ncludes the

thicle model
, the vehicle
bhysically in

h maximum
unctionality

6. Both the
kwise, with
velocity and
in are those

orientation,
he sampling

and flilteringof the measurement signals shall comply with the definitions in ISO 15037-2.

7.2 [ Test method

It is recommended to use the test path defined in ISO 11026 that results in a 2m/s3 jerk at an initial
driving condition velocity of 60 km/h for validation of the vehicle model. Other test paths specified in
ISO 11026 may be used additionally and/or alternatively. A series of tests at incremental initial driving
condition velocities shall be conducted on the chosen test path(s) commencing with a velocity at which
no ESC intervention occurs. The initial driving condition velocity shall be increased in steps of no more
than 5 km/h until the recorded wheel speed sensor signals indicate the lift-off of an inner wheel, or
severe oversteer or understeer conditions to cause the vehicle reference point to deviate from the
defined test path more than +0,5 m as specified in ISO 11026. This initial driving condition velocity
shall be reported as the maximum initial driving condition velocity. Should wheel lift-off occur, the
lateral acceleration at which the first inner wheel lifts, and the order of the wheel lift-off sequence, shall
be reported.

© IS0 2021 - All rights reserved


https://standardsiso.com/api/?name=21fe5fd93472d3bd238b9999141d568b

ISO 21233

:2021(E)

As electronic stability systems usually contain intervention thresholds which are dependent on vehicle
velocity and steering wheel angle velocity, the intervention lateral acceleration may be different for
different values of jerk and shall be reported together with the steering wheel velocity.

7.3 Evaluation of test results

The time histories of the variables listed in Clause 5 shall be plotted for each valid test run.

The following characteristic values shall be evaluated for each valid test run:

first ped

first ped
point in
order of

Additionally

intervention steering wheel angle;

intervellltion lateral acceleration;

k value (first maximum value) of the lateral acceleration;

interveftion yaw velocity;

hk value (first maximum value) of the yaw velocity;
time, steering wheel angle and lateral acceleration for the first inner wheel lift-off;
inner wheel lift-off.

, the maximum initial velocity shall be documented for €acli series of valid test runs.

8 Simulation

8.1 Gene

The simulat]
vehicle test

The simulat
wheel angle
system of tH
wheel angle
test path fr
of the closin
maximum d

NOTE S
the measure

ral

ion shall be performed using the same tést method parameters employed for the phy
and shall output the characteristic rariables and values described in 7.3.

ion of the closing-curve test sheuld be conducted as an open-loop test, with the ste

measured during the chosen representative test results serving as input to the ste
e simulation model. Altegnatively, a ramp steer input with a linear increase of the ste
may be used, which resu]ts in the same value of jerk (2 m/s3, + 5 % for the recomme
bm ISO 11026) as used in the physical test. The initial vehicle velocity for the simul
g curve manoeuvie-shall be set to the same value as measured in the real test run, w
eviation of +2 kin/h.

hall deviatiens, in initial vehicle velocity can lead to significantly different test results. Ther
initial lefigitudinal vehicle velocity can be used as input for the initial longitudinal velocity

simulation mjpdel.

sical

Pring
bring
Pring
nded
ation
ith a

bfore,
bf the

8.2 Datarecording

The output of the simulation model shall be at a frequency not less than that of the sampling rate of the
physical tests.

8.3 Docu

mentation

The simulation shall be documented to the extent needed to reproduce the simulated tests. This shall

include at le

ast:

— test method and corresponding test conditions used for validation;

name and version number of the simulation software;

identification (internal name) of the vehicle model;
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name and version number of the tyre model;
name and version number of the esc stability control;

ESC parameter sheet;

ist and contents of input files used.

Comparison of simulation and physical tests

9.1 —General

TIITT

For ¢omparing curves of the simulated and measured vehicle behaviour, at least ong
result shall be chosen. The chosen test run shall include a braking system intervention of th
stability control, either by braking all wheels of the first vehicle unit (intervention of
stabillity control) or by braking individual wheels of the first vehicle unit (intervention
stabillity control). It is recommended to compare curves for other initial vehicle velocities

For t
serie

9.2

9.2.1

The
from
shou

9.2.2

For H
whed
test |

he complete test series (with ESC “ON” and ESC “OFF”), the maximum entrance speed
s in the simulation and in the physical test shall be reported.

Dynamic vehicle behaviour without ESC

Wheel lift-off

brder of inner wheel lift-off observed with the velicle model should be the same as t
the physical test. The lateral acceleration at which the first wheel lift-off occurs i
|d be within the tolerance specified in Table A.T.

Comparison of yaw velocity and lateral acceleration

oth methods of steering input (measured steering wheel angle or ramp steer input),
1 angle shall be used for time synchronization between the simulation results and
esults. The graphs of yaw velocity and lateral acceleration versus steering wheel anglg

cond

cted with the ESC switghed off serve as a basis for comparing the dynamic vehicl

(without the stability control) of the vehicle model with the results from the physical tests, g
and 2. For both turn directigns and for “ESC OFF”, the deviation of the characteristic values
simullation and from thé-physical test should not exceed the values specified in Table A.1.

Alter]
used

natively, curyes)of steering wheel angle, yaw velocity and lateral acceleration versus
to compare.the results of the physical tests and the simulation, see Figure 3.

]

hysical test
e electronic
the rollover
of the yaw
hdditionally.
for the test

at reported
simulation

the steering
the physical
e of the tests
le behaviour

ee Figures 1
oained from

fime may be
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1
Key
X  steering wheel angle [°]
Y lateral a¢celeration [m/s?]
1 simulatign
2 physical fest
Figure 1 —|[Lateral acceleration versus steering wheel angle, “ESC OFF”) example for compaj
of simulation and physical test
Yi
30
25
20 —
15
10 —
5 —
0 T | T T T T >
0 20 ~40 60 80 100 120 140 X
Key
X  steering wheel angle [°]
Y yaw velogity [°/s]
1 simulatign
2 physical ftest
Figure 2|— Yaw velocity versus steering wheel angle, “ESC OFF”, example for comparison
simulation and physical test
8

:2021(E)

ison

of
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Y1 Y1
6 6 A
5 5
4 2\ 4 2 - \
= ERPE
2 N 2 / ~N—
1 1 e \
0 0 — —
_1|II|II|II|II|= _1|I|||||||||||=
25‘30‘35‘40‘45X 25‘30‘35‘40‘45X
27,5 32,5 37,5 425 27,5 32,5 37,5 425
Y2 Y2
30 30
25 25 ~
20 2 20 2 - \
154 1 54 1 W )
10 10 ~ ~—
5 c Ny \\
0 0 — n
_5|II|II|II|II|= _5|II|II|II|II|=
25‘30‘35‘40‘45)( 25‘30‘35‘40‘45)(
27,5 32,5 37,5 425 27,5 32,5 37,5 425
a) Simulation b) Physical test
Key
X time [s]
Y1 Ipteral acceleration [m/s?]
Y2 yaw velocity [°/s]
1 oint in time for a lateral acceleration of 1 mys2
2 1oint in time for a lateral acceleration0f3m/s2
Figire 3 — Yaw velocity and lateral acceleration versus time (simulation with measpred steer
input), example for coniparison of simulation (left) and physical test (right), “ESC OFF”
The ¢urves from simulation and physical testing are compared within a steering wheel angle envelope
whoge upper and lowey boundaries are those at which the physical test vehicle achieves| 1 m/s% and
3 m/s? respectively,)see Figure 3. Between these points, the mean relative deviation hetween the
meagured and thé.simulated curve of both lateral acceleration and yaw velocity shall be reported and
shoulld not ex€eed the values given in Table A.1. The mean relative deviations of lateral acceleration and
yaw yelocity, Say and Sy o shall be derived by using at least 10 (measured or simulated) points between
the Boundaries, computing their mean value and the standard deviation from:
1 2
Say :\/; Z (ay,s,i Ay m,i )
i=1,n
where
g is the lateral acceleration value from simulation for the chosen value of the steering wheel angle;
a, . ;is the lateral acceleration value from measurement for the same chosen value of the steering
" wheel angle;
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and

1 . .

i=1,n
where y_; and vy ; are the yaw velocity values from simulation and measurement for the same chosen

value of steering wheel angle.

9.3 Dynamic vehicle behaviour with ESC

For the test serteswitirtire ESCswitchedomcharacteristicvatues of yaw velocity amdtateratacceterption
obtained frgm the measurement and the simulation are compared.

9.3.1 ES(Clintervention

For comparjng the interventions of the ESC system implemented in the vehicle model with the syjstem
interventions during the chosen representative physical test, the graphs of the intervention flag$ and
desired brake torques (or desired brake pressures) of the electronic stability eontrol versus time|shall
serve as a basis, see Figure 4. For proving good correlation, the following criteria’ should be fulfilled, see
Table A.1:

— the simpilation should show the same type of intervention (either‘rollover stability control o1 yaw
stability control) as the physical test and should show the ESC drivetrain interventions;

— the lateral acceleration and the yaw velocity at the ESC intervention time in the simulation should
be withn +5 % of the respective values during the physical'test;

— the maximum desired brake torques or brake pressutes of the first ESC braking intervention ip the
simulatjon should be within £25% of the respective‘values during the physical test.

The figures within this document show a compayison of the desired brake pressures for a vehicle|with
a pneumatig braking system. For vehicles with.ah electrical actuation of the brakes, the desired hrake
torques shall be used for the comparison.

Y1
1
0,8
0J6
0/4
o2 1
0 | T ‘ T | T ‘ T | T ‘ T | T ‘ T | >
25 | 30,135 | 40 | 45 X
27,5\32,5 37,5 42,5 27,5 32,5 37,5 42,5
Y24 Y24
b~ 5 —
4 — 4 —
3 - 3 -
% — % — _
O_I‘Ill‘llll/‘\lll‘ll= O_I‘Illlﬂlll‘ll=
25 |30 | 35 | 40 | 45 X 25 |30 | 35 | 40 | 45 X
27,5 32,5 37,5 42,5 27,5 32,5 37,5 42,5
a) Simulation b) Physical test
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