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y
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m
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h
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p
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n

g
 an
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o
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irsch

b
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g
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G
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ü
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T
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 T
h

e p
ap

er g
iv

es a su
rv

ey
 o

v
er recen

t d
ev

elo
p

m
en

ts in
 th

e field
 o

f d
riv

er su
p

-

p
o

rt u
n

d
er p

articu
lar co

n
sid

eratio
n

 o
f th

e req
u

irem
en

ts o
f co

m
m

ercial v
eh

icles. 

T
h

ese research
 activ

ities h
av

e b
een

 carried
 o

u
t b

y
 M

A
N

 N
u

tzfah
rzeu

g
e A

G
. 

 T
h

e p
ap

er m
ain

ly
 d

eals w
ith

 o
n

-lin
e id

en
tificatio

n
 o

f th
e p

ay
lo

ad
 an

d
 its p

o
si-

tio
n

 as im
p

o
rtan

t p
aram

eters w
ith

 resp
ect to

 th
e v

eh
icle's d

riv
in

g
 b

eh
av

io
u

r. 

 F
irstly

, th
e b

asic co
rrelatio

n
s b

etw
een

 th
e stab

ility
 lim

its d
u

e to
 b

rak
in

g
 p

o
ten

-

tial, lan
e k

eep
in

g
 an

d
 ro

llin
g
 o

v
er are d

iscu
ssed

. T
h

u
s, in

 co
n

trast to
 p

assen
g
er 

cars, th
e fu

ll th
ree-d

im
en

sio
n

al stab
ility

 p
ro

b
lem

 can
 b

e sh
o

w
n

. T
h

e av
ailab

le 

in
p

u
t q

u
an

tities fo
r p

ro
p

er v
eh

icle h
an

d
lin

g
 are su

m
m

arized
, as w

ell as th
e in

-

flu
en

ce o
f activ

e o
r sem

iactiv
e su

b
sy

stem
s to

 th
ese p

ro
p

erties. 

 In
 p

rin
cip

le, th
e d

riv
er is resp

o
n

sib
le fo

r k
eep

in
g
 th

e co
rrect p

ay
lo

ad
 acco

rd
in

g
 

to
 th

e leg
al lim

itatio
n

. F
o

r p
ro

p
er v

eh
icle h

an
d

lin
g
 o

f tru
ck

s an
d

 tru
ck

/trailer 

co
m

b
in

atio
n

s resp
ectiv

ely
, th

e d
riv

er also
 h

as to
 fit th

e d
riv

in
g
 sp

eed
 w

ith
 re-

sp
ect to

 th
e cu

rren
t p

ay
lo

ad
 an

d
 th

e su
itab

le lateral acceleratio
n

. A
d

d
itio

n
ally

, 

th
e h

eig
h

t o
f C

G
 o

f p
ay

lo
ad

 ab
o

v
e g

ro
u

n
d

 is a fu
rth

er im
p

o
rtan

t safety
 p

aram
e-

ter fo
r ro

ll o
v

er w
arn

in
g
s. P

articu
larly

 v
eh

icles w
ith

 air su
sp

en
sio

n
 o

ffer ap
p

ro
-

p
riate p

o
ssib

ilities to
 estim

ate th
ese p

aram
eters in

 a v
ery

 accu
rate m

an
n

er. F
u

r-

th
erm

o
re, th

e am
o

u
n

t an
d

 p
o

sitio
n

 o
f p

ay
lo

ad
 rep

resen
t ad

d
itio

n
al in

p
u

t su
it-

ab
le fo

r an
y
 safety

-relev
an

t activ
e su

b
sy

stem
, su

ch
 as E

lectro
n

ic B
rak

e S
y
stem

s 

an
d

 V
eh

icle S
tab

ility
 C

o
n

tro
llers. 

C
h

risto
p

h
 Ju

n
g
 an

d
 W

o
lfg

an
g
 H

irsch
b

erg
  

1
.

 I
N

T
R

O
D

U
C

T
IO

N
 

 T
h

e tran
sp

o
rtatio

n
 secto

r ten
d

s to
 req

u
ire co

n
tin

u
o

u
sly

 v
eh

icles w
ith

 h
ig

h
er 

tech
n

ical p
erfo

rm
an

ce an
d

 m
o

re an
d

 m
o

re so
p

h
isticated

 so
lu

tio
n

s fo
r in

creas-

in
g
 tran

sp
o

rtatio
n

 efficien
cy

 an
d

 q
u

ality
. O

n
e b

asic reaso
n

 fo
r th

is ten
d

en
cy

 is 

th
e in

creasin
g
 am

o
u

n
t o

f h
ig

h
-v

alu
ed

 g
o

o
d

s an
d

 th
e h

ig
h

 tim
e co

n
strain

ts in
 

tran
sp

o
rtatio

n
, 

w
h

ich
 

are 
b

esid
e 

o
th

ers 
d

u
e 

to
 

ju
st-in

-tim
e 

an
d

 
sy

stem
-

su
p

p
ly

in
g
 p

ro
d

u
ctio

n
 co

n
cep

ts in
 th

e m
an

u
facto

rin
g
 w

o
rld

. 

M
o

d
ern

 tru
ck

 d
ev

elo
p

m
en

t tak
es th

is in
to

 acco
u

n
t b

y
 in

tro
d

u
cin

g
 o

p
tim

ized
 

v
eh

icles w
ith

 b
est h

an
d

lin
g
 ch

aracteristics an
d

 ad
d

itio
n

al co
m

fo
rt an

d
 safety

 

featu
res lik

e A
B

S
, im

p
ro

v
ed

 air su
sp

en
sio

n
s (E

C
A

S
), E

lectro
n

ic D
am

p
er C

o
n

-

tro
l (E

F
R

), E
lectro

n
ic B

rak
e C

o
n

tro
l an

d
 A

n
ti S

lip
 D

ev
ices (E

B
S

,A
S

R
), E

lec-

tro
n

ic P
o

w
er S

teerin
g
 (S

erv
o

tro
n

ic), A
d

ap
tiv

e C
ru

ise C
o

n
tro

l (A
C

C
) an

d
 so

 

o
n

. 

O
n

 th
e o

th
er h

an
d

 accid
en

t statistics are sh
o

w
in

g
 th

at m
o

st o
f all accid

en
ts h

ap
-

p
en

 b
ecau

se o
f d

riv
ers erro

rs. L
o

o
k

in
g
 at accid

en
t an

aly
sises related

 to
 th

e lat-

eral d
y
n

am
ic o

f co
m

m
ercial v

eh
icles o

n
e w

ill fin
d

 th
e fo

llo
w

in
g
 m

ain
 reaso

n
s 

fo
r leav

in
g
 th

e ro
ad

: 

 • 
su

d
d

en
 co

u
rse d

ev
iatio

n
, o

ften
 in

 co
m

b
in

atio
n

 w
ith

 b
rak

in
g
 an

d
 a to

o
 h

ig
h

 

in
itial sp

eed
 

• 
to

o
 h

ig
h

 cu
rv

e sp
eed

 

• 
g
ettin

g
 o

n
 th

e u
n

fo
rtified

 b
an

q
u

et 

• 
w

ro
n

g
 estim

atio
n

 o
f th

e actu
al ro

ad
 co

n
d

itio
n

 an
d

 frictio
n

 v
alu

e 

• 
d

riv
ers fallin

g
 asleep

 

• 
a m

o
v

in
g
 lo

ad
 

 E
ach

 o
f th

ese reaso
n

s m
ay

 b
e su

fficien
t fo

r cau
sin

g
 an

 accid
en

t b
u

t in
 m

an
y
 

cases th
ere w

ill o
ccu

re a co
m

b
in

atio
n

 o
f th

em
. 

T
o

 im
p

ro
v

e d
riv

in
g
 stab

ility
 o

n
e o

f th
e b

asic in
fo

rm
atio

n
 fo

r th
e d

riv
er an

d
 

su
b

seq
u

en
t co

n
tro

l sy
stem

s is th
e k

n
o

w
led

g
e o

f th
e actu

al lo
ad

in
g
 co

n
d

itio
n

 

w
ith

 th
e fu

ll th
ree-d

im
en

sio
n

al p
o

sitio
n

 o
f th

e cen
tre o

f g
rav

ity
. 

T
h

e fo
llo

w
in

g
 p

ap
er g

iv
es a su

rv
ey

 o
v

er recen
t d

ev
elo

p
m

en
ts in

 th
is field

 car-

ried
 o

u
t b

y
 M

A
N

 N
u

tzfah
rzeu

g
e A

G
 d

u
rin

g
 th

e last y
ears. 
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R

a
n

g
e o

f V
eh

icle P
a

ra
m

eters 

L
o

o
k

in
g
 at co

m
m

ercial v
eh

icles o
n

e is faced
 w

ith
 a n

u
m

ero
u

s am
o

u
n

t o
f d

if-

feren
t 

v
eh

icle 
ty

p
es 

lik
e 

tracto
r/trailer 

an
d

 
tracto

r/sem
itrailer 

co
m

b
in

atio
n

s, 

v
eh

icles w
ith

 carg
o

 d
eck

s, b
o

x
b

o
d

y
 v

eh
icles, co

n
tain

er carriers, tip
p

ers, cu
s-



P
ay

lo
ad

 M
o

n
ito

rin
g
 

 to
m

er b
u

ilt assem
b

lies, b
o

n
etru

ck
s an

d
 so

 o
n

 o
p

tim
ized

 fo
r sp

ecial tran
sp

o
rta-

tio
n

 n
eed

s. B
esid

e th
is larg

e am
o

u
n

t o
f v

eh
icle v

ariatio
n

s ev
en

 th
e p

aram
eters 

o
f o

n
e v

eh
icle can

 v
ary

 v
ery

 m
u

ch
. B

etw
een

 u
n

lo
ad

ed
 an

d
 lo

ad
ed

 v
eh

icle th
ere 

is fo
r ex

am
p

le a b
an

d
 w

id
th

 fro
m

 7
,5

 to
 4

0
 t g

ro
ss v

eh
icle w

eig
h

t fo
r sem

i-

trailer co
m

b
in

atio
n

s o
r 9

 to
 2

6
 t fo

r co
n

tain
er carriers. 

In
 co

m
p

ariso
n

 to
 p

assen
g
er cars, w

h
ere th

e p
ay

lo
ad

 is at m
ax

im
u

m
 3

0
%

 o
f 

to
tal v

eh
icle w

eig
h

t, th
e w

id
e ran

g
e o

f lo
ad

in
g
 co

n
d

itio
n

s w
ill resu

lt in
 h

eav
y
 

ch
an

g
es in

 v
eh

icle d
riv

in
g
 b

eh
av

io
u

r an
d

 stab
ility

 ch
aracteristics w

h
ich

 m
ay

 

n
o

t b
e q

u
ite o

b
v

io
u

s fo
r th

e d
riv

er at th
e b

eg
in

n
in

g
 o

f a rid
e. 

 C
h

an
g
es in

 to
tal m

ass w
ill resu

lt in
 d

ifferen
t lo

n
g
itu

d
in

al d
y
n

am
ics o

f th
e tru

ck
 

an
d

 th
erefo

re b
e d

iscern
ib

le an
d

 w
ith

in
 lim

its ev
id

en
t fo

r th
e d

riv
er. B

u
t ev

en
 

lo
o

k
in

g
 at actu

al ax
le lo

ad
s an

d
 th

e m
arg

in
 to

 th
eir leg

al lim
its it b

eco
m

es q
u

ite 

d
ifficu

lt fo
r th

e d
riv

er to
 calcu

late th
e co

rrect v
alu

es. S
o

 m
u

ch
 th

e m
o

re it w
ill 

b
e m

o
re d

ifficu
lt fo

r h
im

 to
 rate th

e co
m

p
lete lo

ad
in

g
 statu

s w
ith

 resp
ect to

 th
e 

h
eig

h
t o

f th
e cen

tre o
f g

rav
ity

, w
h

ich
 m

ay
 v

ary
 b

etw
een

 1
,1

 m
eter fo

r a p
artly

 

lo
ad

ed
 v

eh
icle an

d
 m

ay
 en

d
 u

p
 at 2

 m
eters o

r m
o

re u
n

d
er w

o
rst case co

n
d

itio
n

s 

fo
r th

e fu
lly

 lo
ad

ed
 tru

ck
. 

 E
sp

ecially
 w

ith
 th

e in
creasin

g
 n

u
m

b
er o

f co
n

tain
er tran

sp
o

rts th
e relev

an
ce an

d
 

n
eed

 o
f ad

d
itio

n
al in

fo
rm

atio
n

 an
d

 w
arn

in
g
s fo

r th
e d

riv
er m

ay
 rise d

u
e to

 th
e 

lack
 o

f in
fo

rm
atio

n
 o

n
 th

e stack
in

g
 o

f th
e g

o
o

d
s in

sid
e. 
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o
a

d
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g
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f C
o

m
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eh
icles 

T
h

e fo
llo

w
in

g
 ty

p
es o

f lo
ad

in
g
 can

 b
e d

istin
g
u

ish
ed

: 

• 
m

ix
ed

 g
o

o
d

s w
ith

o
u

t ad
d

itio
n

al fix
atio

n
 

• 
p

aletted
 g

o
o

d
s 

• 
d

isp
atch

 b
o

x
es (read

y
 m

ad
e, fix

ed
 o

r lo
o

se)  

• 
ly

in
g
 o

r stack
ed

 g
o

o
d

s w
ith

o
u

t fix
atio

n
 

• 
stack

ed
 g

o
o

d
s w

ith
 fix

atio
n

 (sin
g
le o

r d
o

u
b

le lev
el trailers) 

• 
h

an
g
in

g
 g

o
o

d
s 

• 
co

n
tain

ers w
ith

 u
n

k
n

o
w

n
 lo

ad
 d

istrib
u

tio
n

 

• 
b

u
lk

 m
aterial 

• 
flu

id
s o

r g
as in

 tan
k

s 

• 
m

o
v

in
g
 g

o
o

d
s (co

n
crete m

ix
ers, an

im
als, etc.) 

 A
ll th

ese d
ifferen

t k
in

d
s o

f v
eh

icle lo
ad

in
g
 can

't n
o

rm
ally

 b
e in

flu
en

ced
 b

y
 th

e 

d
riv

er an
d

 m
ak

e it n
ecessary

 fo
r h

im
 to

 ad
ap

t h
is sp

eed
 an

d
 d

riv
in

g
 sty

le.  

C
h

risto
p

h
 Ju

n
g
 an

d
 W

o
lfg

an
g
 H

irsch
b

erg
  

C
o

n
cern

in
g
 th

e in
flu

en
ce o

n
 th

e v
eh

icle d
y
n

am
ics w

e h
av

e to
 d

istin
g
u

ish
 th

e 

fo
llo

w
in

g
 b

asic ch
aracteristics: 

1
. 

L
im

it o
f m

ax
im

u
m

 to
lerab

le lateral acceleratio
n

 d
eterm

in
ed

 b
y
 d

an
g
er o

f 

lo
ad

 d
am

ag
e o

r lo
ss o

f g
o

o
d

s 

2
. 

R
isk

 
o

f 
ro

llo
v

er 
d

u
e 

to
 

ex
ceed

ed
 

lateral 
acceleratio

n
 

d
eterm

in
ed

 
b

y
 

m
ax

im
u

m
 
lateral 

v
eh

icle 
stab

ility
 
an

d
 
actu

al 
ro

ad
 
co

n
d

itio
n

s 
(frictio

n
 

lim
its) 

3
. 

L
aten

t risk
 o

f ro
llo

v
er trig

g
ered

 b
y
 in

h
eren

t d
y
n

am
ics o

f lo
ad

in
g
 

 A
s reg

ard
s item

 2
, th

e ro
llo

v
er stab

ility
 o

f th
e v

eh
icle can

 b
e d

escrib
ed

 b
y
 th

e 

fo
llo

w
in

g
 v

eh
icle p

aram
eters w

h
ich

 are also
 g

iv
en

 in
 fig

u
re 2 an

d
 w

ill b
e d

is-

cu
ssed

 later o
n

: 

 • 
 

W
h

eel b
ase an

d
 ro

ll cen
tre h

eig
h

t 

• 
 

ro
ll stiffn

ess 

• 
 

sp
rin

g
 an

d
 d

am
p

er tu
n

in
g
 

 an
d

 lo
ad

 d
ep

en
d

en
t v

alu
es lik

e: 

 • 
 

to
tal m

ass an
d

 cen
tre o

f g
rav

ity
 

• 
 

m
o

m
en

tu
m

 o
f in

ertia o
f lo

ad
in

g
. 

 F
ig

u
re 1

 sh
o

w
s th

e b
an

d
w

id
th

 o
f p

o
ssib

le p
o

sitio
n

s o
f th

e cen
tre o

f g
rav

ity
 

(C
G

) d
u

e to
 to

lerab
le fro

n
t an

d
 rear ax

le lo
ad

s. 

   

F
ig

u
re 1

: R
an

g
e o

f to
lerab

le C
G

 

 

 



P
ay

lo
ad

 M
o

n
ito

rin
g
 

  B
esid

e th
is to

lerab
le ran

g
e th

ere ex
ists a w

id
er ran

g
e as a resu

lt o
f d

aily
 lo

ad
in

g
 

reality
 d

ep
en

d
in

g
 o

n
 lo

ad
in

g
 an

d
 u

n
lo

ad
in

g
 sto

p
s. 

 T
h

e lim
its o

f m
ax

im
u

m
 to

lerab
le lateral acceleratio

n
s v

ary
 b

etw
een

 2
-3

 m
/s

2 

w
ith

 resp
ect to

 n
o

t fix
ed

 g
o

o
d

s, 3
-4

 m
/s

2 fo
r b

u
lk

 g
o

o
d

s u
p

 to
 6

-6
,5

 m
/s

2 as 

ro
llo

v
er lim

it fo
r m

o
d

ern
 tru

ck
/trailer co

m
b

in
atio

n
s w

ith
 lo

w
 to

 n
o

rm
al h

eig
h

t 

o
f cen

tre o
f g

rav
ity

 an
d

 n
early

 statio
n

ary
 lo

n
g
itu

d
in

al an
d

 lateral acceleratio
n

 

co
n

d
itio

n
s. E

x
cep

tio
n

al cases resu
lt p

articu
larly

 fo
r h

ig
h

er C
G

s an
d

 m
o

v
in

g
 

g
o

o
d

s w
ith

 lim
its b

etw
een

 3
-5

 m
/s

2. In
 th

ese sp
ecial cases, w

h
ere v

eh
icle reac-

tio
n

s m
ay

 o
ccu

r q
u

ite su
d

d
en

ly
 an

d
 u

n
ex

p
ected

 fo
r th

e d
riv

er, in
fo

rm
atio

n
 o

n
 

lo
ad

in
g
 co

n
d

itio
n

s, w
arn

in
g
s an

d
 in

 so
m

e cases activ
e co

n
tro

ller reactio
n

s are 

to
 b

e asp
ired

 in
 tim

e b
efo

re critical situ
atio

n
s o

ccu
r. O

n
 th

e o
th

er h
an

d
 th

is 

lead
s to

 h
ig

h
 d

em
an

d
s o

n
 th

e q
u

ality
 o

f th
e p

ay
lo

ad
 m

o
n

ito
rin

g
 sy

stem
. 
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D

riv
er R

esp
o

n
sib

ilities 

B
efo

re startin
g
 th

e rid
e th

e d
riv

er h
as th

e resp
o

n
sib

ility
 to

 ch
eck

 th
e p

ro
p

er 

v
eh

icle co
n

d
itio

n
 (b

rak
es, lig

h
ts, ty

re p
ressu

res, en
g
in

e statu
s etc.). M

o
reo

v
er, 

h
e is o

b
lig

ed
 to

 ch
eck

 th
e p

ay
lo

ad
, th

e to
tal w

eig
h

t an
d

 h
as to

 en
su

re th
at th

e 

m
ax

im
u

m
 ax

le lo
ad

s are n
o

t ex
ceed

ed
. 

F
o

r th
is d

u
ty

 h
e can

 m
ak

e u
se o

f th
e freig

h
t p

ap
ers an

d
 w

eig
h

t d
eclaratio

n
s an

d
 

if av
ailab

le h
e m

ay
 d

riv
e o

n
 a w

eig
h

b
rid

g
e. 

 F
o

r estim
atin

g
 th

e v
eh

icle´s d
y
n

am
ics h

e w
ill g

et so
m

e in
fo

rm
atio

n
 o

u
t o

f th
e 

h
an

d
lin

g
 ch

aracteristics w
h

ile d
riv

in
g
 w

h
ich

 g
iv

es h
im

 an
 id

ea o
f th

e lo
ad

in
g
 

co
n

d
itio

n
, esp

ecially
 th

e eccen
tricy

 an
d

 h
eig

h
t o

f th
e cen

tre o
f g

rav
ity

. 

 A
ll th

ese in
fo

rm
atio

n
s w

ill h
elp

 th
e d

riv
er to

 ad
ap

t h
is sp

eed
 to

 th
e ro

ad
 an

d
 

traffic co
n

d
itio

n
s w

ith
 resp

ect to
 v

eh
icle h

an
d

lin
g
 lim

its an
d

 b
rak

in
g
 p

o
ten

tial. 

  1
.4

 
D

riv
in

g
 S

ta
b

ility
 

T
h

e term
 "d

riv
in

g
 stab

ility
" is u

su
ally

 d
efin

ed
 as a g

en
eral ch

aracteristic o
f a 

d
riv

er-v
eh

icle-ro
ad

 sy
stem

, w
h

ere "th
e v

eh
icle is to

 stay
 w

ith
in

 a g
iv

en
 d

riv
in

g
 

state at an
y
 tim

e". T
h

e b
o

rd
ers o

f th
is area are g

iv
en

 b
y
 th

e lan
e itself an

d
 b

y
 

th
e ro

ad
 u

sers, as w
ell as b

y
 p

o
ssib

le o
b

stacles. T
h

e v
eh

icle's d
y
n

am
ical state 

x
(t) is d

escrib
ed

 b
y
 its cu

rren
t p

o
sitio

n
 an

d
 v

elo
cities. 

 

C
h

risto
p

h
 Ju

n
g
 an

d
 W

o
lfg

an
g
 H

irsch
b

erg
  

F
o

r co
m

m
ercial v

eh
icles, p

articu
larly

 fo
r h

eav
ily

 lo
ad

ed
 tru

ck
s, th

ere ex
ists a 

fu
rth

er stab
ility

 failu
re in

 term
s o

f o
v

ertu
rn

in
g
. T

h
is reaso

n
 o

f stab
ility

 lo
ss is 

clo
sely

 related
 to

 th
e rem

ain
in

g
 lo

n
g
itu

d
in

al an
d

 lateral m
o

tio
n

s o
f th

e v
eh

icle 

so
 th

at all m
o

tio
n

s h
av

e to
 b

e tak
en

 in
to

 acco
u

n
t at th

e sam
e tim

e. D
u

e to
 th

is 

fact an
y
 sim

p
lified

 in
v

estig
atio

n
s in

 p
u

re lateral d
y
n

am
ics are n

o
 lo

n
g
er u

sefu
l. 

C
o

n
trary

 to
 th

e effo
rts in

 p
assen

g
er car's d

y
n

am
ics th

e fu
ll sp

h
erical co

n
sid

era-

tio
n

 an
d

 m
o

d
ellin

g
 o

f tru
ck

s is req
u

ired
 fo

r ad
v

an
ced

 d
riv

in
g
 d

y
n

am
ics. 

 H
en

ce, an
y
 early

 in
fo

rm
atio

n
 an

d
 ad

v
ice o

n
 safety

-m
arg

in
-related

 issu
es m

ay
 

h
elp

 th
e d

riv
er to

 start th
e ap

p
ro

p
riate d

riv
in

g
 o

p
eratio

n
s to

 m
ain

tain
 th

e stab
il-

ity
 an

d
 co

n
tro

llab
ility

 o
f th

e tru
ck

 at an
y
 tim

e. 

 T
h

e in
p

u
t q

u
an

tities n
ecessary

 fo
r a su

ccessfu
l an

d
 p

red
ictin

g
 d

riv
in

g
 stab

ility
 

ev
alu

atio
n

 can
 in

 p
rin

cip
le b

e classified
 as 

  
a) V

eh
icle m

o
tio

n
s x

(t)  

 
b

) F
rictio

n
 µ

(s)  

 
c) G

eo
m

etrical ro
ad

 p
ro

p
erties 

 w
h

ere a fix
ed

 relatio
n

 b
etw

een
 th

e tim
e t an

d
 th

e d
istan

ce s ex
ists. 

 G
en

erally
, th

e v
eh

icle's m
o

tio
n

s d
ep

en
d

 o
n

 th
e v

eh
icle's d

y
n

am
ical p

aram
eters 

in
 ad

d
itio

n
 to

 th
e d

istu
rb

atio
n

 an
d

 co
n

tro
l in

p
u

ts. 

 T
y
p

ically
 o

f co
m

m
ercial v

eh
icles, th

e p
ay

lo
ad

 m
ass m

L  an
d

 its p
o

sitio
n

 v
ecto

r 

p
L  (p

articu
larly

 its h
eig

h
t co

o
rd

in
ate h

L ) h
av

e a stro
n

g
 in

flu
en

ce o
n

 th
e stab

ility
 

m
arg

in
. T

h
is is w

h
y
 a reliab

le d
riv

in
g
 state estim

ato
r req

u
ires in

 p
ractice th

e 

au
to

m
atical id

en
tificatio

n
 o

f p
ay

lo
ad

 at th
e b

eg
in

n
in

g
 o

f each
 d

riv
e. 

 a
d

 a
) V

eh
icle m

o
tio

n
s 

C
o

n
cern

in
g
 th

e m
o

tio
n

s o
f a co

m
m

ercial v
eh

icle w
e h

av
e to

 d
istin

g
u

ish
 b

e-

tw
een

 

• 
v

ariab
les w

ith
 d

irect in
flu

en
ce o

n
 stab

ility
 m

arg
in

 an
d

 

• 
ad

d
itio

n
al d

y
n

am
ical v

ariab
les as in

p
u

t in
to

 th
e o

b
serv

er (fo
r state o

b
-

serv
atio

n
 u

se o
n

ly
). 

 N
o

t all o
f th

ese tim
e d

ep
en

d
en

t q
u

an
tities can

 b
e m

easu
red

 u
n

d
er p

ractical (se-

rial) co
n

d
itio

n
s. H

o
w

ev
er, th

e fo
llo

w
in

g
 sig

n
als are w

ell q
u

alified
 fo

r a reliab
le 

o
n

-b
o

ard
 m

o
n

ito
rin

g
: 

  
W

h
eel sp

eed
s ω

i , i=
1

, 2
 ... N

w
h  (av

ailab
le fro

m
 A

B
S

 sig
n

al) 

 



P
ay

lo
ad

 M
o

n
ito

rin
g
 

  
L

o
n

g
itu

d
in

al an
d

 lateral ch
assis acceleratio

n
 a

x ', a
y ',  

 
w

h
ere ' refers to

 ch
assis fix

ed
 co

o
rd

in
ates 

  
R

elativ
e ro

ll an
g
les ∆φ

f , ∆φ
r   b

etw
een

 ax
les an

d
 fram

e 

 
w

h
ere f stan

d
s fo

r fro
n

t, r is fo
r rear 

  
Y

aw
 v

elo
city

 ω
z  

 
S

teerin
g
 w

h
eel an

g
le δ

S  

 T
h

e rem
ain

in
g
 p

ro
p

erties o
f in

terest su
ch

 as th
e 

 

D
y
n

am
ical w

h
eel lo

ad
s F

zi  , i=
1

, 2
 ... N

w
h  

 are h
ard

ly
 m

easu
rab

le. T
h

erefo
re th

ey
 b

etter are estim
ated

 b
y
 m

ean
s o

f a d
y
-

n
am

ical state o
b

serv
er. 

 A
n

y
 au

to
n

o
m

o
u

s o
n

-b
o

ard
 m

o
n

ito
rin

g
/estim

atio
n

 sy
stem

 o
p

eratin
g
 b

y
 th

e o
b

-

serv
atio

n
 o

f th
e v

eh
icle's d

y
n

a
m

ica
l rea

ctio
n

s can
 o

n
ly

 p
erfo

rm
 a sh

o
rt term

 

p
red

ictio
n

 o
f th

e o
n

g
o

in
g
 d

y
n

am
ical p

ro
cess. 

 a
d

 b
) F

rictio
n

 m
o

n
ito

rin
g

 

A
u

to
n

o
m

o
u

s 
frictio

n
 

m
o

n
ito

rin
g
 

sy
stem

s 
p

ro
v

id
e 

at 
b

est 
a 

sn
a

p
-sh

o
t-

in
fo

rm
a

tio
n

 o
n

 th
e cu

rren
t ro

ad
-tire co

n
tact. A

n
y
 fu

rth
er p

red
eterm

in
atio

n
 o

f 

frictio
n

-related
 w

arn
in

g
s n

eed
s an

 in
p

u
t fro

m
 an

 ex
tern

al h
o

st (en
v

iro
n

m
en

tal 

serv
ice). 

 H
o

w
ev

er, th
e latter m

u
st b

e co
n

sid
ered

 as a lo
n

g
term

 g
o

al o
f realizatio

n
 d

u
e to

 

th
e n

ecessary
 fin

e d
eg

ree o
f reso

lu
tio

n
 o

f fast ch
an

g
in

g
 frictio

n
 d

ata o
v

er all th
e 

su
p

p
o

rted
 ro

ad
s. O

n
e can

 resu
m

e th
at th

e o
n

ly
 realistic altern

ativ
e in

 frictio
n

 

d
etectio

n
 is restricted

 to
 an

 au
to

n
o

m
o

u
sly

 w
o

rk
in

g
 frictio

n
 m

o
n

ito
rin

g
 sy

stem
 

(o
r a co

m
b

in
atio

n
 o

f ex
istin

g
 sy

stem
s) in

 th
e n

ear fu
tu

re. 

 a
d

 c) G
eo

m
etrica

l ro
a

d
 p

ro
p

erties 

T
h

e p
red

ictiv
e in

fo
rm

atio
n

 o
n

 th
e g

eo
m

etrical lan
e tren

d
s 

  
R

o
ad

 slo
p

e β
(s) 

 
R

o
ad

 in
clin

atio
n

 α
(s) 

 
R

o
ad

 cu
rv

atu
re R

(s) 

 are im
p

o
rtan

t in
p

u
t q

u
an

tities fo
r an

y
 co

rrect in
fo

rm
atio

n
 o

n
 a p

ro
p

er d
riv

in
g
 

m
o

d
e (also

 see b
elo

w
). T

h
is in

fo
rm

atio
n

 can
 b

e av
ailab

le fro
m

 a d
ig

ital ro
ad

 

m
ap

, w
h

ich
 is n

o
w

ad
ay

s co
m

m
o

n
 fo

r in
-v

eh
icle n

av
ig

atio
n

 sy
stem

s. 

C
h

risto
p

h
 Ju

n
g
 an

d
 W

o
lfg

an
g
 H

irsch
b

erg
  

   

m
L ⋅h

L
 , µ

 , α
R  , β

R  , R
R

v
e

h
ic

le
       ro

a
d

a
x  , a

y
 , ω

i  , F
z
i  , φ

x  , ω
z

δ
S  , M

B
 , M

E

µ
 >

 µ
* ?

y
e

s
n

o

α
>α

*, β
<β

*,
R

<
R

* ?

y
e
s

n
o

V
a
ria

b
le

p
a

ra
m

e
te

rs

D
riv

e
r in

p
u

t

D
riv

in
g

 s
ta

te

B
ifu

rc
a

tio
n

s

C
rite

ria
:

B
ra

k
in

g
 p

o
te

n
tia

l
(c

o
llis

io
n

)
S

te
e

rin
g

 c
a

p
a
b

ility
(la

n
e

 k
e

e
p

in
g

)
R

o
llin

g
 o

v
e

r

Id
e

n
tific

a
tio

n

A
n

a
ly

s
is

H
u

m
a
n

a
s
s
e
s
s
m

e
n

t

 
F

ig
u

re 2
: B

asic sch
em

e o
f th

e d
riv

in
g
 stab

ility
 o

f co
m

m
ercial v

eh
icles 

 N
o

ta
tio

n
s:  

m
L  

m
ass o

f p
ay

lo
ad

 
a

x   
lo

n
g
itu

d
. acceleratio

n
 

 
h

L  
h

eig
h

t o
f p

ay
lo

ad
 

a
y   

lateral acceleratio
n

 

 
µ

 
ro

ad
-ty

re frictio
n

 
ω

i   
an

g
u

lar w
h

eel sp
eed

s 

 
α

R  
lateral ro

ad
 in

clin
atio

n
 

F
zi   

d
y
n

am
ic w

h
eel lo

ad
s 

 
β

R   
lo

n
g
itu

d
in

al ro
ad

 slo
p

e 
φ

x   
ro

ll an
g
le 

 
R

R   
cu

rv
e rad

iu
s 

ω
z   

y
aw

 rate 

 
δ

S   
steerin

g
 an

g
le 

 
M

E   
en

g
in

e to
rq

u
e 

 
M

B   
b

rak
in

g
 to

rq
u

e 

  



P
ay

lo
ad

 M
o

n
ito

rin
g
 

 F
ig

u
re 

2
 
sh

o
w

s 
th

e 
d

iscrim
in

atio
n

 
o

f 
th

e 
b

asic 
d

riv
in

g
 
stab

ility
 
m

o
d

es 
fo

r 

co
m

m
ercial v

eh
icles. In

 o
p

p
o

site to
 p

assen
g
er cars co

m
m

ercial v
eh

icles w
ill 

ro
ll-o

v
er at h

ig
h

 lateral sp
eed

s d
u

e to
 th

e h
eig

h
t o

f th
e C

G
 an

d
 th

e ch
aracteris-

tics o
f th

eir ty
res. T

h
e ro

ll-o
v

er th
resh

o
ld

s w
ill g

en
erally

 lay
 b

etw
een

 4
 an

d
 6

,5
 

m
/s

2. N
o

t ex
ceed

in
g
 th

is m
ax

im
u

n
 lateral acceleratio

n
 th

e n
ex

t criteria fo
r lo

s-

in
g
 stab

ility
 w

ill b
e th

e m
ax

im
u

m
 d

eliv
erab

le fo
rces at th

e ty
re sp

litted
 b

etw
een

 

lo
n

g
itu

d
in

al an
d

 lateral d
em

an
d

. T
h

is lead
s to

 th
e d

istin
ctio

n
s b

etw
een

 b
rak

in
g
 

p
o

ten
tial an

d
 steerin

g
 cap

ab
ility

. 

A
ll fu

tu
re v

eh
icle stab

ilizatio
n

 sy
stem

s fo
r co

m
m

ercial v
eh

icles w
ill h

av
e to

 

p
ro

v
id

e th
is d

iscrim
in

atio
n

 b
etw

een
 th

e ab
o

v
e m

en
tio

n
ed

 stab
ility

 criteria. 

  2
. 

D
R

IV
E

R
 A

S
S

E
S

S
M

E
N

T
 F

O
R

 S
A

F
E

 T
R

A
N

S
-

P
O

R
T

 

 T
h

e tran
sp

o
rt o

f h
eav

y
 lo

ad
s tran

sfers a h
ig

h
 am

o
u

n
t o

f resp
o

n
sib

ility
 to

 th
e 

d
riv

er. A
s alread

y
 p

o
in

ted
 o

u
t, th

e d
riv

er h
as to

 ad
ap

t h
is d

riv
in

g
 b

eh
av

io
u

r 

p
articu

larly
 w

ith
 reg

ard
 to

 th
e actu

al p
ay

lo
ad

 and
 th

e cu
rren

t ro
ad

 co
n

d
itio

n
s. 

In
 o

rd
er to

 fu
lfil th

is task
, th

e d
riv

er m
ak

es u
se o

f  th
e fo

llo
w

in
g
 m

ain
 in

p
u

t 

q
u

an
tities: 

• 
V

isu
al: 

-  V
eh

icle sp
eed

  

-  R
o

ll an
d

 y
aw

 an
g
le  

-  V
eh

icle p
o

sitio
n

 an
d

 d
istan

ce  

-  R
o

ad
 g

eo
m

etry
 

• 
A

u
d

io
-v

isu
al: 

-  T
ex

tu
re o

f ro
ad

 an
d

 w
eath

er 

-  E
x

tern
al an

d
 in

tern
al w

arn
in

g
s 

• 
H

ap
tic: 

-  S
teerin

g
 an

g
le an

d
 steerin

g
 to

rq
u

e n
eed

ed
 

• 
K

in
aesth

etic: 

-  L
o

n
g
itu

d
in

al, lateral an
d

 v
ertical acceleratio

n
 

-  Y
aw

 acceleratio
n

. 

C
h

risto
p

h
 Ju

n
g
 an

d
 W

o
lfg

an
g
 H

irsch
b

erg
  

In
 co

n
trast to

 th
e assessm

en
t o

f th
e ro

ad
 an

d
 w

eath
er co

n
d

itio
n

s, th
ere is n

o
 

d
irect sen

so
r fo

r th
e actu

al m
ag

n
itu

d
e an

d
 p

o
sitio

n
 o

f th
e p

ay
lo

ad
 ex

cep
t so

m
e 

a p
rio

ri in
fo

rm
atio

n
s (if av

ailab
le so

 far). T
h

u
s, th

e ex
p

erien
ce o

f th
e d

riv
er 

allo
w

s th
e m

o
re o

r less g
o

o
d

 estim
atio

n
 o

f th
e p

ay
lo

ad
 an

d
 its p

o
sitio

n
 b

ased
 

u
p

o
n

 th
e ab

o
v

e listed
 o

b
serv

atio
n

s. 

O
n

 th
e o

th
er h

an
d

, m
o

re an
d

 m
o

re im
p

ro
v

em
en

ts o
f th

e v
eh

icle's co
m

p
o

n
en

ts 

an
d

 activ
e su

b
sy

stem
s w

ill in
flu

en
ce th

e su
b

jectiv
e d

riv
er feelin

g
, as th

ere are: 

C
o

m
p

o
n

en
t 

   in
flu

en
ces: 

    im
p

lies :  

• 
T

y
re 

S
traig

h
t d

riv
in

g
 b

eh
av

io
u

r 
S

afety
 feelin

g
 

• 
C

h
assis 

F
ram

e stiffn
ess 

G
o

o
d

 g
ro

u
n

d
 co

n
tact, 

 
 

 
 

rid
in

g
 co

m
fo

rt 

• 
S

erv
o

 steerin
g
 

S
teerin

g
 feed

b
ack

 
G

o
o

d
 g

ro
u

n
d

 co
n

tact 

• 
S

u
sp

en
sio

n
 co

n
tro

l 
R

o
ll an

g
le, 

N
o

 ch
an

g
e o

f p
ay

lo
ad

 

 
 

 
static w

h
eel trav

el 

 H
en

ce, an
 electro

n
ic o

n
-b

o
ard

 p
ay

lo
ad

 m
o

n
ito

rin
g
 sy

stem
 m

ay
 b

e v
ery

 h
elp

fu
l 

 
1

.  as su
p

p
o

rtiv
e d

riv
er in

fo
rm

atio
n

 an
d

 

 
2

.  as ad
d

itio
n

al in
p

u
t fo

r an
y
 safety

 relev
an

t activ
e sy

stem
(s). 

  3
. 

I
D

E
N

T
IF

IC
A

T
IO

N
 O

F
 P

A
Y

L
O

A
D

 
 3

.1
 

L
ev

els o
f P

a
y

lo
a

d
 Id

en
tifica

tio
n

 

In
 p

articu
lar, v

eh
icles w

ith
 air sp

rin
g
 su

sp
en

sio
n

 o
ffer so

m
e ap

p
ro

p
riate p

o
ssi-

b
ilities to

 estim
ate th

e m
ag

n
itu

d
e o

f th
e p

ay
lo

ad
, as w

ell as th
e p

o
sitio

n
 o

f its 

cen
tre o

f g
rav

ity
 (C

G
) in

 a v
ery

 accu
rate m

an
n

er. In
 relatio

n
 to

 th
e av

ailab
le 

v
eh

icle co
n

fig
u

ratio
n

, th
ree d

ifferen
t lev

els o
f p

ay
lo

ad
 m

o
n

ito
rin

g
 can

 b
e d

e-

fin
ed

: 

 
a) A

x
le lo

ad
 m

o
n

ito
rin

g
 an

d
 lo

n
g
itu

d
in

al p
o

sitio
n

 o
f C

G
, 

 
b

) W
h

eel lo
ad

 m
o

n
ito

rin
g
 an

d
 lo

n
g
itu

d
in

al an
d

 lateral p
o

sitio
n

 o
f C

G
, 

 
c) W

h
eel lo

ad
 m

o
n

ito
rin

g
 an

d
 fu

ll th
ree-d

im
en

sio
n

al p
o

sitio
n

 o
f C

G
. 

T
h

e fo
llo

w
in

g
 tab

le fo
cu

sses o
n

 th
ese lev

els o
f p

ay
lo

ad
 m

o
n

ito
rin

g
 sy

stem
s. 



P
ay

lo
ad

 M
o

n
ito

rin
g
 

  L
ev

el  
S

y
stem

 req
u

irem
en

ts 
P

ay
lo

ad
 m

o
n

ito
rin

g
 

a) 
S

im
p

le air sp
rin

g
 sy

stem
 fo

r 

fro
n

t, rear an
d

 trailer ax
les, 

sem
itrailer: o

n
ly

 fo
r tracto

r rear 

an
d

 trailer ax
les. 

S
tatic: 

P
ay

lo
ad

 an
d

 lo
n

g
itu

d
in

al C
G

 in
-

fo
rm

atio
n

 an
d

 w
arn

in
g
s w

h
ile 

lo
ad

in
g
. 

b
) 

S
am

e as a), b
u

t in
d

ep
en

d
en

t 

left/rig
h

t air sp
rin

g
 sy

stem
 fo

r 

rear ax
le(s) . 

S
tatic: 

P
ay

lo
ad

 an
d

 2
-d

im
 C

G
 in

fo
rm

atio
n

 

an
d

 w
arn

in
g
s w

h
ile lo

ad
in

g
. 

c) 
S

am
e as b

) 
S

tatic: 

S
am

e as b
). 

D
y
n

am
ic: 

P
ay

lo
ad

 C
G

 h
eig

h
t. 

 

T
a

b
le 3

.1
: B

asic sch
em

e o
f p

ay
lo

ad
 m

o
n

ito
rin

g
 

 T
y
p

ically
 o

f th
e p

ay
lo

ad
 id

en
tificatio

n
, th

e h
ig

h
est lev

el c) req
u

ires a d
y
n

am
ic 

so
lu

tio
n

 in
 m

o
n

ito
rin

g
 th

e p
ay

lo
ad

 h
eig

h
t. T

h
erefo

re, th
e id

en
tificatio

n
 p

ro
cess 

n
eed

s a d
efin

ite, m
o

re o
r less lo

n
g
 tim

e p
erio

d
 fo

r th
e co

m
p

u
tatio

n
 o

f th
e cu

r-

ren
t C

G
 h

eig
h

t. T
h

is m
ean

s, th
e d

riv
er w

ill receiv
e th

is in
fo

rm
atio

n
 earliest 

after startin
g
 th

e d
riv

e. H
o

w
ev

er, th
is sh

o
u

ld
 b

e su
fficien

t in
 o

rd
er to

 p
rev

en
t 

ro
ll o

v
er d

u
rin

g
 th

e cu
rren

t tran
sp

o
rt. 

T
h

e featu
res o

f an
 air sp

rin
g
 b

ased
 p

ay
lo

ad
 id

en
tificatio

n
 sy

stem
 are sh

o
w

n
 an

d
 

d
iscu

ssed
 in

 th
e fo

llo
w

in
g
 sectio

n
. 

 3
.2

 
T

estin
g

 R
esu

lts 

T
h

e lin
earity

 o
f th

e relatio
n

 b
etw

een
 air sp

rin
g
 p

ressu
re an

d
 th

e w
eig

h
ed

 ax
le 

lo
ad

 is sh
o

w
n

 in
 fig

u
re 3

.1
 . T

h
e cu

rv
es resu

lt fro
m

 a static lo
ad

in
g
 test o

n
 a 

tracto
r-sem

itrailer co
m

b
in

atio
n

, w
h

ere F
A

 an
d

 R
A

 d
en

o
te th

e fro
n

t an
d

 rear 

ax
le o

f th
e tracto

r, an
d

 T
A

 d
en

o
tes all th

e th
ree ax

les o
f th

e trailer. T
h

e lo
ad

in
g
 

w
as d

o
n

e step
w

ise fro
m

 em
p

ty
 to

 1
4

 test w
eig

h
ts o

f 1
.7

3
 to

n
s each

, fo
llo

w
ed

 

b
y
 step

w
ise u

n
lo

ad
in

g
. T

h
u

s, th
e n

u
m

b
ers g

iv
en

 o
n

 th
e test w

eig
h

ts d
en

o
te th

e 

lo
ad

in
g
/u

n
lo

ad
in

g
 seq

u
en

ce. T
h

e d
iag

ram
 sh

o
w

s th
e q

u
ite g

o
o

d
 lin

earity
 o

f th
e 

p
n

eu
m

atic sp
rin

g
 stiffn

esses, w
h

ich
 can

 ad
v

an
tag

eo
u

sly
 b

e ap
p

lied
 in

 th
e id

en
-

tificatio
n

 p
ro

cess. F
u

rth
erm

o
re, d

u
e to

 th
e air sp

rin
g
 reg

u
latio

n
 sy

stem
 th

e h
y
s-

teresis (cau
sed

 b
y
 in

tern
al frictio

n
 in

 th
e su

sp
en

sio
n

 sy
stem

) is q
u

ite sm
all.  

T
h

e id
en

tificatio
n

 resu
lts o

f th
is lo

ad
in

g
 test are sh

o
w

n
 in

 fig
u

re 3
.2

 . A
s co

m
-

p
ared

 w
ith

 th
e m

easu
red

 ax
le lo

ad
s, th

e o
n

-b
o

ard
 id

en
tificatio

n
 p

ro
v

id
es q

u
ite 

C
h

risto
p

h
 Ju

n
g
 an

d
 W

o
lfg

an
g
 H

irsch
b

erg
  

accu
rate v

alu
es w

ith
in

 a ran
g
e o

f 1
0

0
 k

g
 R

M
S

. H
o

w
ev

er, th
e p

o
ssib

le d
ev

ia-

tio
n

s d
u

e to
 serial p

ro
d

u
ctio

n
 h

av
e n

o
t b

een
 tak

en
 in

to
 co

n
sid

eratio
n

 in
 th

e d
e-

scrib
ed

 b
asic resu

lts. 

N
ex

t, th
e seco

n
d

 lev
el o

f p
ay

lo
ad

 m
o

n
ito

rin
g
 is co

n
sid

ered
, w

h
ich

 d
eals w

ith
 

th
e estim

atio
n

 o
f th

e w
h

eel lo
ad

s left/rig
h

t in
 o

rd
er to

 id
en

tify
 an

y
 lateral v

eh
i-

cle lo
ad

. T
h

ere is an
 im

p
o

rtan
t co

n
d

itio
n

 fo
r so

lv
in

g
 th

is task
: th

e v
eh

icle m
u

st 

b
e eq

u
ip

p
ed

 w
ith

 an
 independent air sp

rin
g
 sy

stem
 o

n
 th

e ax
le to

 b
e id

en
tified

 

(th
at is m

ain
ly

 th
e v

eh
icle's rear ax

le). In
 th

e fo
llo

w
in

g
, so

m
e v

alid
atio

n
s o

f a 

1
9

t M
A

N
 4

x
2

 tru
ck

 are d
iscu

ssed
. 

W
h

en
 th

e lo
ad

 testin
g
s w

ere p
erfo

rm
ed

, th
e test lo

ad
s o

f 1
 to

n
 each

 w
ere step

-

w
ise lo

ad
ed

 acco
rd

in
g
ly

 to
 th

e fig
u

re, w
h

ere th
e g

iv
en

 n
u

m
b

ers ag
ain

 d
en

o
te 

th
e seq

u
en

ce o
f lo

ad
in

g
. T

h
e lo

ad
 is situ

ated
 in

 a lateral rig
h

t d
istan

ce o
f 0

.5
 m

 

o
ff cen

tre. F
ig

u
re 3

.3
 sh

o
w

s th
e air p

ressu
re - w

h
eel lo

ad
 relatio

n
 fo

r th
is case 

o
f lateral lo

ad
. In

 co
n

trast to
 th

e cen
tral lo

ad
, a rem

ark
ab

le h
y
steresis can

 b
e 

d
etected

, cau
sed

 b
y
 th

e an
g
u

lar d
isto

rtio
n

 o
f th

e su
sp

en
sio

n
 sy

stem
. H

o
w

ev
er, 

th
is lo

ad
/u

n
lo

ad
 h

y
steresis can

 p
artially

 b
e co

m
p

en
sated

 w
h

en
 u

sin
g
 th

e air 

p
ressu

re differences in
 o

rd
er to

 m
ak

e an
 id

en
tificatio

n
 d

esig
n

. F
u

rth
erm

o
re, th

e 

o
v

erlo
ad

 o
f th

e rig
h

t rear w
h

eel is clearly
 seen

 o
n

 th
e d

iag
ram

, w
h

ere th
e ax

le 

reach
es th

e b
u

m
p

 sto
p

s. 

T
h

e resu
lts o

f th
is test are sh

o
w

n
 in

 th
e fig

u
res 3

.4
. In

 sp
ite o

f th
e ab

o
v

e m
en

-

tio
n

ed
 h

y
steresis, th

e ax
le lo

ad
 id

en
tificatio

n
 rem

ain
s v

ery
 accu

rate. A
g
ain

 th
e 

accu
racy

 o
f th

e id
en

tificatio
n

 is w
ith

in
 1

 p
ercen

t o
f th

e p
ay

lo
ad

 w
eig

h
t, h

o
w

-

ev
er, in

 th
e area o

f b
u

m
p

er co
n

tact (o
v

erlo
ad

in
g
) th

e estim
atio

n
 h

as failed
. 

A
n

y
w

ay
, th

e reach
 o

f m
ax

im
u

m
 air sp

rin
g
 p

ressu
re is a clear in

d
icato

r fo
r a 

w
arn

in
g
 sig

n
al ag

ain
st lateral o

v
erlo

ad
.  

T
h

e sin
g
le w

h
eel id

en
tificatio

n
 o

f th
e rear ax

le is d
o

n
e b

y
 an

 ex
ten

d
ed

 alg
o

-

rith
m

. T
h

u
s, th

e p
ro

ced
u

re is q
u

alified
 to

 estim
ate th

e w
h

eel lo
ad

 w
ith

in
 a 

ran
g
e o

f 3
 p

ercen
t o

f actu
al p

ay
lo

ad
. T

h
e id

en
tificatio

n
 fails in

 th
e ran

g
e o

f th
e 

b
u

m
p

er co
n

tact ag
ain

. 
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F
ig

u
res 3

.4
: C

o
m

p
ariso

n
 o

f ax
le/w

h
eel lo

ad
s: ap

p
ro

ach
 - m

easu
rem

en
t 

F
in

ally
, 

th
e 

th
ird

 
lev

el 
o

f 
p

ay
lo

ad
 
id

en
tificatio

n
 
- 

th
e 

d
etectio

n
 
o

f 
th

e 
lo

ad
 

h
eig

h
t  - is d

escrib
ed

. A
s rem

ark
ed

 ab
o

v
e, th

is in
fo

rm
atio

n
 is a v

ery
 im

p
o

rtan
t 

o
n

e fo
r a p

ro
tectiv

e d
riv

er in
fo

rm
atio

n
 as w

ell as fo
r an

 in
p

u
t q

u
an

tity
 in

to
 

safety
 relev

an
t activ

e su
b

sy
stem

s. 

T
h

e d
y
n

am
ic eq

u
ilib

riu
m

 b
etw

een
 an

y
 ap

p
lied

 ro
ll to

rq
u

e an
d

 th
e to

rsio
n

al ax
le 

stab
ilizatio

n
 id

en
tifies th

e cu
rren

t state o
f th

e v
eh

icle's ro
ll m

o
tio

n
. T

h
erefo

re, 

th
e actin

g
 ro

ll to
rq

u
e can

 b
e o

b
serv

ed
 b

y
 th

e d
ifferen

ce o
f th

e air sp
rin

g
 p

res-

su
res left/rig

h
t. T

h
e d

istu
rb

in
g
 ro

llin
g
 to

rq
u

e is cau
sed

 b
y
 th

e p
ro

d
u

ct o
f lo

ad
 

m
ass, its h

eig
h

t ab
o

v
e th

e ro
ll cen

tre an
d

 th
e lateral acceleratio

n
 w

ith
 resp

ect to
 

C
h

risto
p

h
 Ju

n
g
 an

d
 W

o
lfg

an
g
 H

irsch
b

erg
  

th
e lo

ad
-fix

ed
 ax

is sy
stem

. H
en

ce, th
e ro

llin
g
 to

rq
u

e in
clu

d
es th

e d
istu

rb
atio

n
s 

d
u

e to
 th

e cen
trip

etal acceleratio
n

 w
h

ile co
rn

erin
g
 as w

ell as th
e sid

e in
clin

a-

tio
n

s o
f th

e ro
ad

. 

W
h

en
 u

sin
g
 th

e air p
ressu

re d
ifferen

ces fo
r th

e o
b

serv
atio

n
 o

f th
e actin

g
 ro

llin
g
 

to
rq

u
e, th

ere is o
n

e b
asic p

ro
b

lem
 to

 b
e h

an
d

led
, see fig

u
res 3

.5
 . T

h
e ex

am
p

le 

sh
o

w
s th

e resu
lt fro

m
 an

 accelerated
/d

ecelerated
 co

rn
erin

g
 test w

ith
 a h

eav
y
 

4
x

2
 tru

ck
 u

n
d

er fu
ll lo

ad
. D

u
e to

 th
e actin

g
 p

n
eu

m
atic stab

ilizatio
n

 co
n

tro
l, th

e 

air p
ressu

re d
ifferen

ce is co
n

tin
u

o
u

sly
 in

creasin
g
 w

h
ile co

rn
erin

g
. T

h
is co

n
tro

l 

in
flu

en
ce m

u
st b

e carefu
lly

 co
m

p
en

sated
 in

 o
rd

er to
 p

erfo
rm

 a reliab
le id

en
tifi-

catio
n

 o
f th

e p
ay

lo
ad

 h
eig

h
t, see th

e seco
n

d
 d

iag
ram

. T
h

u
s, th

e co
n

stan
t v

alu
e 

o
f p

ay
lo

ad
 h

eig
h

t can
 b

e id
en

tified
 after a few

 seco
n

d
s tim

e o
f co

rn
erin

g
. 

F
ig

u
re 3

.6
 sh

o
w

s a co
m

p
ariso

n
 o

f d
ifferen

t lo
ad

 p
o

sitio
n

s at th
e sam

e test 

tru
ck

. T
h

e fo
llo

w
in

g
 th

ree testin
g
 lo

ad
s h

av
e b

een
 co

n
sid

ered
: 

• 
T

ru
ck

 w
ith

 em
p

ty
 carg

o
 d

eck
, 

• 
F

u
ll lo

ad
 at th

e b
o

tto
m

 o
f th

e carg
o

 d
eck

, 

• 
F

u
ll lo

ad
 in

 h
ig

h
 p

o
sitio

n
. 

F
irst, th

e d
iag

ram
 sh

o
w

s a q
u

ite su
fficien

t resu
lt o

f th
e p

ay
lo

ad
 id

en
tificatio

n
 

p
ro

cess fo
r th

e ab
o

v
e m

en
tio

n
ed

 v
arian

ts. T
h

ere rem
ain

s a sh
o

rt p
erio

d
 o

f co
n

-

v
erg

en
ce in

 th
e start u

p
 p

h
ase o

f co
rn

erin
g
. S

eco
n

d
, th

e ty
p

ical b
eh

av
io

u
r o

f an
 

ex
p

erien
ced

 d
riv

er can
 b

e seen
 in

 th
e w

ay
 h

e h
as b

een
 ad

ju
stin

g
 th

e lateral ac-

celeratio
n

 to
 th

e actu
al lim

its. T
h

u
s, th

e ad
d

itio
n

al in
fo

rm
atio

n
 ab

o
u

t th
e m

ag
-

n
itu

d
e o

f th
e lo

ad
 an

d
 its h

eig
h

t m
ay

 b
e a v

alu
ab

le su
p

p
o

rt fo
r th

e d
riv

er, eith
er 

d
irectly

 d
isp

lay
ed

 o
r as in

p
u

t in
to

 an
y
 su

p
p

o
rtiv

e activ
e su

b
sy

stem
. 
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R

em
a

in
in

g
 P

ro
b

lem
s 

E
v

en
 th

o
u

g
h

t th
ere are in

terestin
g
 w

ay
s fo

r an
 effectiv

e an
d

 accu
rate m

o
n

ito
r-

in
g
 
o

f 
th

e 
cu

rren
t 

p
ay

lo
ad

, so
m

e rem
ain

in
g
 p

ro
b

lem
s h

av
e to

 b
e in

d
icated

. 

T
h

ese p
ro

b
lem

s, w
h

ich
 are listed

 b
elo

w
, sh

o
u

ld
 b

e d
iscu

ssed
 w

ith
 reg

ard
 to

 

ap
p

ro
p

riate so
lu

tio
n

s fo
r th

e fu
rth

er serial ap
p

licatio
n

. 

• 
A

ccu
rate p

ay
lo

ad
 an

d
 C

G
 m

o
n

ito
rin

g
 h

av
e h

ad
 restricted

 to
 air sp

ru
n

g
 v

eh
i-

cles o
r v

eh
icle-trailer co

m
b

in
atio

n
s resp

ectiv
ely

. T
h

e co
rresp

o
n

d
in

g
 m

o
n

i-

to
rin

g
 
sy

stem
s 

fo
r 

leaf 
sp

ru
n

g
 
v

eh
icles 

n
eed

 
to

tal 
d

ifferen
t 

id
en

tificatio
n

 

m
eth

o
d

s, w
h

ere p
articu

larly
 th

e accu
racy

 an
d

 th
e ro

b
u

stn
ess sh

o
u

ld
 b

e tak
en

 

in
to

 acco
u

n
t. 

• 
S

tatic 
ten

sen
ess 

o
f 

th
e 

ch
assis 

an
d

 
su

sp
en

sio
n

 
sy

stem
 
m

ay
 
cau

se 
w

ro
n

g
 

id
en

tificatio
n

 resu
lts. T

h
is can

 b
e o

b
serv

ed
 d

u
rin

g
 lo

ad
in

g
 a tru

ck
 u

n
d

er 

lo
ck

ed
 
h

an
d

 
b

rak
e. 

D
u

e 
to

 
so

m
e 

k
in

em
atic 

effects, 
th

e 
v

eh
icle 

b
eco

m
es 

ten
sed

, see fig
u

re 3
.7

 . O
n

ce th
e v

eh
icle's b

rak
e is b

ein
g
 u

n
lo

ck
ed

, th
e rig

h
t 

p
o

sitio
n

 o
f eq

u
ilib

riu
m

 is reach
ed

 im
m

ed
iately

. F
u

rth
er effects o

f ten
sen

ess 

m
ay

 
o

ccu
r 

d
u

e 
to

 u
n

ev
en

 stan
d

s, w
h

ich
 cau

se in
tern

al d
isto

rtio
n

s o
f th

e 

ch
assis fram

e (fig
u

re 3
.8

). 

 

F
ig

u
re 3

.7
: S

em
itrailer w

ith
 in

clin
ed

 trailin
g
 lin

k
s  

  

 
 

F
ig

u
re 3

.8
: T

ru
ck

 d
isto

rtio
n

 o
n

 u
n

ev
en

 ro
ad

 su
rface 

C
h

risto
p

h
 Ju

n
g
 an

d
 W

o
lfg

an
g
 H

irsch
b

erg
  

 • 
T

h
e m

u
ltitu

d
e o

f tracto
r - trailer/sem

itrailer co
m

b
in

atio
n

s req
u

ires th
at each

 

v
eh

icle u
n

it m
u

st autonom
ously id

en
tify

 an
d

 p
ass o

n
 its ax

le lo
ad

s. 

• 
F

in
ally

, it sh
o

u
ld

 b
e m

en
tio

n
ed

 th
at th

e o
n

-b
o

ard
 id

en
tificatio

n
 o

f m
o

v
ab

le 

p
ay

lo
ad

s (e.g
. o

scillatin
g
 o

r flu
id

 lo
ad

s) h
as n

o
t fu

lly
 b

een
 co

n
sid

ered
 y

et. 

  4
. 

C
O

N
C

L
U

S
IO

N
S 

 D
u

e to
 th

e in
creasin

g
 m

o
to

rizatio
n

 an
d

 th
e p

erm
an

en
t im

p
ro

v
em

en
ts in

 ch
assis 

an
d

 su
sp

en
sio

n
 d

esig
n

 o
f co

m
m

ercial v
eh

icles, as w
ell as th

e im
p

ro
v

ed
 su

sp
en

-

sio
n

s o
f th

e d
riv

er's cab
in

s, th
e ad

d
itio

n
al d

riv
er in

fo
rm

atio
n

 co
n

cern
in

g
 th

e 

actu
al lo

ad
in

g
 state b

eco
m

es relev
an

t to
 an

 in
creasin

g
 d

eg
ree. T

h
ese in

fo
rm

a-

tio
n

 are p
articu

larly
 u

sefu
l, if th

ey
 are alread

y
 av

ailab
le d

u
rin

g
 th

e p
erio

d
 o

f 

lo
ad

in
g
. F

u
rth

erm
o

re, ad
d

itio
n

al in
fo

rm
atio

n
 ab

o
u

t th
e m

ag
n

itu
d

e an
d

 th
e p

o
si-

tio
n

 o
f th

e p
ay

lo
ad

 d
u

rin
g
 th

e tran
sp

o
rt can

 b
e u

sed
 as in

p
u

t q
u

an
tities in

to
 an

y
 

safety
 relev

an
t, electro

n
ic su

b
sy

stem
. 

F
irst, th

e p
resen

t p
ap

er d
eals w

ith
 so

m
e g

en
eral asp

ects o
f th

e p
ay

lo
ad

 in
 co

m
-

m
ercial v

eh
icles an

d
 its id

en
tificatio

n
 b

y
 th

e d
riv

er. In
 acco

rd
an

ce to
 th

at, it 

fo
cu

sses to
 d

ifferen
t lev

els o
f su

p
p

o
rtiv

e p
ay

lo
ad

 m
o

n
ito

rin
g
: 

• 
A

x
le lo

ad
s an

d
 lo

n
g
itu

d
in

al p
o

sitio
n

 o
f C

G
, 

• 
W

h
eel lo

ad
s an

d
 lo

n
g
itu

d
in

al an
d

 lateral p
o

sitio
n

 o
f C

G
, 

• 
W

h
eel lo

ad
s an

d
 fu

ll th
ree-d

im
en

sio
n

al p
o

sitio
n

 o
f th

e p
ay

lo
ad

. 

B
ased

 o
n

 so
m

e recen
t testin

g
 resu

lts, th
e effectiv

en
ess an

d
 accu

racy
 o

f th
e se-

lected
 m

eth
o

d
s can

 b
e sh

o
w

n
. H

o
w

ev
er, th

ere rem
ain

 so
m

e p
ro

b
lem

s w
h

ich
 

n
eed

 fu
rth

er research
es fo

r g
ettin

g
 so

lv
ed

. In
 p

articu
lar, fo

r th
e su

ccessfu
l in

-

tro
d

u
ctio

n
 o

f p
ay

lo
ad

 m
o

n
ito

rin
g
 sy

stem
s, it w

ill b
e n

ecessary
 to

 d
efin

e th
e 

in
terfaces b

etw
een

 b
o

th
 th

e au
to

n
o

m
o

u
s sy

stem
s at tracto

r an
d

 trailer. 
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