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Balance of forces that act on a vehicle



Static force balance on a hill
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Static force balance on a hill

Estimating a center-of-gravity height:
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Dynamic force balance on a hill during acceleration

G
 c

o
s

G sin
T

Rf1

Z1

Rf2

Z2

v , a

Ri

Rp

G

z

x

hp

hn

l''

l'

l

Rz

Mi2
ML2

Mi1
ML1

F1

F2

 

21

0

21

1

)2(

)(

)sin(cos''

:0

LLiipp

zin

MMMMRh

RRGhGllZ

M

−−−−⋅−

−++⋅⋅−⋅⋅=⋅

=

≈

∑

43421

αα



Dynamic force balance on a hill during acceleration
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Maximum traction forces

Front-wheel drive:
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Maximum traction forces

Rear-wheel drive:

All-wheel drive:
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Dynamic force balance on a hill during braking
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Dynamic force balance on a hill during braking
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Maximal braking forces
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Maximal braking forces
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Vertical axle force-balance during cornering

No suspension between a chassis and an axle:
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Vertical axle force-balance during cornering
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With suspension between the chassis and the axle:



Axle torsion stabilizer



Wheel-suspension types

• Independent suspension with double wishbone arms:

• Independent suspension with McPherson strut:



Wheel-suspension types

• “multi-link“ suspension with a transverse trailing arm:

• Independent suspension with a longitudinal trailing arm:



Wheel-suspension types

• Independent suspension with a space-oriented trailing arm:

• Rigid axle with leaf springs:



Wheel-suspension types

• Rigid axle with a Panhard-rod:

• Rigid axle with a Watt‘s mechanism:



Wheel-suspension types

• Rigid axle with longitudinal links:

• “Half-rigid“ axle with coil springs:



Wheel-suspension types

• Double-chamber oil shock-absorber:

• Steel springs:

– A package of leaf springs (construction vehicles);

– Torsion bar spring (Renault 4, 5-I);

– Torsion coil spring (the most common suspension type of 

modern vehicles).



Wheel-suspension types

Vir: en.wikipedia.org/wiki/Corvette_leaf_spring

• Composite bending spring (epoxy resin + glass fibers) –

Chevrolete Corvette:



Wheel-suspension types

• Pneumatic and hydro-pneumatic suspension – spring 

characteristics of a pneumatic spring:

curvepolytrophic

curveisentropicn = 1,4

n ≈ 1,3



Wheel-suspension types
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• Pneumatic and hydro-pneumatic suspension – spring 

characteristics of the pneumatic spring:



Wheel-suspension types

• Pnevmatska vzmet z odvaljnim batom / Pneumatic spring 

with a piston support:



Wheel-suspension types

• Citröen hydro-pneumatic suspension system (one axle):



Vertical vibrations of suspended elements

Vehicle with independent suspension:



Vertical vibrations of suspended elements

Vehicle with rigid axles:



Vertical vibrations of suspended elements

Planar vehicle model:



Vertical vibrations of suspended elements

An example of governing equations for the planar model of the 

vehicle:
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• Presumptions:
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Vertical vibrations of suspended elements



Vertical vibrations of suspended elements

• Governing equations:

 ( ) ( )
( ) ( ) gmFFhzfhzk

zxzfzxzkzm

sssssssss

scTTsscTTsss

⋅−−+−−−−

−−⋅−+−⋅−=⋅

,1,12,01,1,01,1,01

,1,12,1,12,1,1

&&

&&&&& ϕϕ

 ( )( ) ( )( )
( ) ( ) gmFFhzfhzk

zxLzfzxLzkzm

zzzzzzzzz

zcTTzzcTTzzz

⋅−−+−−−−

−−−++−−+=⋅

,1,12,01,1,01,1,01

,1,12,1,12,1,1

&&

&&&&& ϕϕ

 ( ) ( )
( )( ) ( )( )

gmFF

zxLzfzxLzk

zxzfzxzkzm

czs

zcTTzzcTTz

scTTsscTTsTc

⋅−++

+−−+−−−+−

−−⋅−−−⋅−−=⋅

,12,12

,1,12,1,12

,1,12,1,12

&&&

&&&&&

ϕϕ

ϕϕ

 ( ) ( )[ ]
( )( ) ( )( )[ ] ( )
( )czcs

czcTTzzcTTz

cscTTsscTTsTc

xLFxF

xLzxLzfzxLzk

xzxzfzxzkJ

−+⋅−

−−⋅−−++−−+−

−⋅−⋅−+−⋅−=⋅

,12,12

,1,12,1,12

,1,12,1,12

&&&

&&&&&

ϕϕ

ϕϕϕ



Vertical vibrations of suspended elements
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• System of differential equations of the 1st order for local 

coordinate systems (*) and matrix formulation:



Vertical vibrations of suspended elements
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Vertical vibrations of suspended elements
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Vertical vibrations of suspended elements
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• Numerical solution of the system of differential equations with 

an implicit derivation according to Euler:


