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Notation

symbol description
rc1,2 roll center front, rear
h′ distance between point B and CM
h1,2 roll center height front, rear
h3 height of point B
cϕ1,2 roll stiffness front, rear
kϕ1,2 damping coefficient front, rear
CM Center of Mass
m total mass of the vehicle
Fxi longitudinal force generated by wheel i
Fyi lateral force generated by wheel i
Mzi self-aligning moment generated by wheel i
δ steering angle at the front wheels
CMJ inertia matrix of CM
a distance between front axle and point A
b distance between rear axle and point A
l wheelbase
S1,2 track width front, rear
Ix moment of inertia around the x-axis
Iy moment of inertia around the y-axis
Iz moment of inertia around the z-axis
Ixz product of inertia
camber1,2 camber front, rear
toe−in1,2 toe-in front, rear
ccompl1,2 compliance front, rear
g gravitational constant
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NOTATION iii

symbol description
u longitudinal velocity
v lateral velocity
r yaw velocity
ϕ roll angle
θ roll axis inclination angle
ψ yaw angle
n number of degrees of freedom
q generalized coordinate
T kinetic energy
U potential energy
Ug gravity energy
Us spring energy
Qi non-conservative force in direction i
W virtual work
ei reference frame i
X coordinate in direction e01
Y coordinate in direction e02
x coordinate in direction e11
y coordinate in direction e12
z coordinate in direction e13
Aij direction cosine matrix from j to i
R transitional matrix from Ẋ, Ẏ to u, v
rCM position vector of CM
ijωk rotational speed of i compared to j expressed in reference

frame k
V forward velocity
R radius
ay lateral acceleration
β vehicle side slip angle
Hs transfer function from simulation
Hm transfer function from measurements
Hay transfer function from ay to δ
Hr transfer function from r to δ
Hϕ transfer function from ϕ to δ
Hϕ/ay transfer function from ϕ to ay
fscaling scaling factor
[h] equality constraint
[g] inequality constraint
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Chapter 1

Introduction

For the course Vehicle Dynamics, a two track vehicle model with a roll axis has
been made in Matlab/Simulink by Besselink [1]. This vehicle model is based on
the model described and derived by Prof. Pacejka in his book Tyre and Vehicle
Dynamics [2]. Because the derivation of the equations of motion in Pacejka’s
book is very brief, there was a need for a thorough derivation of these equations.

For the course Vehicle Dynamics this model has been parameterized for an
unloaded Audi S8, using tests done by TNO [4]. However TNO has also done
tests with the fully loaded vehicle. For this condition themodel parameters have
not been determined. Also the vehicle dynamics of the loaded vehicle have not
been compared with those of the unloaded vehicle. Therefore the influence of
the load on the handling of the vehicle is not investigated.

1.1 Objectives

For this research there are three objectives formulated:

1. Thoroughly derive the equations of motion used for the two track vehicle
model described by Prof. Pacejka [2].

2. Parameterize the Matlab/Simulink model for the fully loaded Audi S8.

3. Investigate the effect of the load on the handling of the car by comparing
the vehicle dynamics of the loaded vehicle with those of the unloaded
vehicle.

1



CHAPTER 1. INTRODUCTION 2

1.2 Contents of this report

In the first chapter the equations of motion will be derived using the equations
of Lagrange. The second chapter describes four tests carried out by TNO [4].
These tests will be used to parameterize and validate the Simulink model.
Chapter three describes the optimization process used to parameterize the ve-
hicle model for the fully loaded situation. Using a pseudo random steering
input test several transfer functions will be estimated. These transfer functions
will be used to match the vehicle dynamics of the vehicle model with those of
the real vehicle. In chapter four the results of the other three tests will be used
to validate the vehicle model. Also the effect of the load on the handling of the
car will be investigated by comparing the vehicle dynamics of the loaded car
with those of the unloaded car.



Chapter 2

Derivation of the equations of

motion

Figure 2.1 depicts the vehicle model with four degrees of freedom [2]. As mo-
tion variables we define the longitudinal velocity u and lateral velocity v of ref-
erence point A, the yaw velocity r and the roll angle ϕ. Point A is located in
the ground plane. When the roll angle ϕ is equal to zero, this point is below
the center of mass. Going through a curve, the body rolls about point B, which

Figure 2.1: Vehicle model.

is located on the roll axis. This virtual axis goes through the front roll center
rc1 and the rear roll center rc2. The heights of the roll centers are given by h1

and h2. The roll stiffness and damping, which results from suspension springs
and anti-roll bars, are modeled with torsional springs and dampers with roll
stiffnesses cϕi and damping coefficients kϕi in the roll centers. The distance of

3



CHAPTER 2. DERIVATION OF THE EQUATIONS OF MOTION 4

CM to point B is given by h′.
For the derivation of the equations of motion we first have to introduce 4

reference frames:

• e0: This is a fixed or global reference frame, see figure 2.2.

• e1: This is a moving base in point A, see figure 2.2. e0 is rotated around
e03 with ψ, which yields the following direction cosine matrix:

e1 = A10(ψ)e0 =

 cosψ sinψ 0
− sinψ cosψ 0

0 0 1

 e0. (2.1)

• e2: This is a moving base in point B, see figure 2.3. e1 is rotated around e12
with θ, the roll axis inclination angle. This yields the following direction
cosine matrix:

e2 = A21(θ)e1 =

 cos θ 0 sin θ
0 1 0

− sin θ 0 cos θ

 e1. (2.2)

Note that the sign of θ is in contrast to the standard sign conventions.

• e3: This is a body-fixed frame in point B, see figure 2.4. e2 is rotated
around e21 with ϕ, which yields the following direction cosine matrix:

e3 = A32(ϕ)e2 =

 1 0 0
0 cosϕ sinϕ
0 − sinϕ cosϕ

 e2. (2.3)

• e4: This is a body-fixed frame in point B, which is parallel to e1 when
ϕ = 0, see figure 2.3. In this reference frame the inertia matrix is defined.
The moments of inertia are measured with respect to the horizontal and
vertical axes and during this measurement the vehicle is standing still
(ϕ = 0). Therefore we need to rotate e3 around e32 with −θ′, which yields
the following direction cosine matrix:

e4 = A43(θ′)e3 =

 cos θ′ 0 − sin θ′

0 1 0
sin θ′ 0 cos θ′

 e3. (2.4)

Note that when ϕ is not equal to zero, e32 is not equal to e12. This means
that θ′ is no longer equal to θ. But because θ and ϕ are small, this differ-
ence is negligible.
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Figure 2.2: View from above of vehicle model.

Figure 2.3: Side-view of vehicle model.
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Figure 2.4: Front-view of vehicle model.

We will employ Lagrange’s equation to derive the equations of motion. For
a system with n degrees of freedom n coordinates qi are used to completely
describe the motion of the vehicle. The equation of Lagrange for coordinate qi
reads:

d

dt

∂T

∂q̇i
− ∂T

∂qi
+
∂U

∂qi
= Qi, (2.5)

with kinetic energy T , potential energy U , non-conservative forces Qi and gen-
eralized coordinates qi. This equation of Lagrange can be used to derive the
equation of motion expressed in the coordinates X and Y of reference point A,
the yaw angle ψ and finally the roll angle ϕ. The coordinates X, Y and ψ are
with respect to the fixed reference frame e0. However we want to expres the
equations of motion in coordinates of the moving frame e1, so instead of using
X and Y , we will use x and y. We will use the generalized coordinates u, v,
r and ϕ. u is the velocity of point A in the x direction (e11), v is the velocity of
point A in the y direction (e12), r is the rotational speed of frame e1 around z (e13)
and ϕ is the roll angle around e21. Therefore we need to modify the Lagrange
equation. The relation between the two sets of variables is:

(e1)T

 u
v
r

 = (e1)TA10

 Ẋ

Ẏ

ψ̇

 , (2.6)
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or:

u = Ẋ cosψ + Ẏ sinψ,

v = −Ẋ sinψ + Ẏ cosψ, (2.7)

r = ψ̇.

Preparation of the second term of the equation of Lagrange yields:

∂T

∂X
=
∂T

∂u

∂u

∂X
+
∂T

∂v

∂v

∂X
,

∂T

∂Y
=
∂T

∂u

∂u

∂Y
+
∂T

∂v

∂v

∂Y
, (2.8)

∂T

∂ψ
=
∂T

∂u

∂u

∂ψ
+
∂T

∂v

∂v

∂ψ
.

By using the expressions for u and v from equation 2.7 we obtain:

∂u

∂X
=
∂u

∂Y
=

∂v

∂X
=

∂v

∂Y
= 0, (2.9)

∂u

∂ψ
= −Ẋ sinψ + Ẏ cosψ = v, (2.10)

∂v

∂ψ
= −Ẋ cosψ − Ẏ sinψ = −u. (2.11)

Substituting equations 2.9, 2.10 and 2.11 into 2.8 results in:

∂T

∂X
= 0,

∂T

∂Y
= 0, (2.12)

∂T

∂ψ
=

∂T

∂u
v − ∂T

∂v
u.

The potential energy U is only a function of ϕ. Therefore, the third term of the
equation of Lagrange will be zero for the coordinates u, v and r. For the first
two variables u and v, we only have the first term left. Using equation 2.7, we
can write the relation between u, v and Ẋ, Ẏ as:[

u
v

]
= R

[
Ẋ

Ẏ

]
and

[
Ẋ

Ẏ

]
= RT

[
u
v

]
, (2.13)
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with

R =
[

cosψ sinψ
− sinψ cosψ

]
= A10(1 : 2 , 1 : 2). (2.14)

Using equation 2.7, preparation of the first term of the equation of Lagrange
for u and v yields:

∂T

∂Ẋ
=
∂T

∂u

∂u

∂Ẋ
+
∂T

∂v

∂v

∂Ẋ
=
∂T

∂u
cosψ − ∂T

∂v
sinψ, (2.15)

∂T

∂Ẏ
=
∂T

∂u

∂u

∂Ẏ
+
∂T

∂v

∂v

∂Ẏ
=
∂T

∂u
sinψ +

∂T

∂v
cosψ. (2.16)

This results in:[
∂T
∂Ẋ
∂T
∂Ẏ

]
= RT

[
∂T
∂u
∂T
∂v

]
. (2.17)

We obtain the following set of modified Lagrangean equations for the first two
variables u and v:

∂

∂t

[
∂T
∂Ẋ
∂T
∂Ẏ

]
= RT ∂

∂t

[
∂T
∂u
∂T
∂v

]
+
∂

∂t
RT

[
∂T
∂u
∂T
∂v

]
=

[
QX

QY

]
. (2.18)

The non-conservative forces Qi are now expressed in reference frame e0, but
we want to expres Qi in reference frame e1. Therefore we need to transform
Qi using R:[

QX

QY

]
= RT

[
Qu

Qv

]
. (2.19)

Calculating the time derivative of RT :

∂

∂t
RT = ψ̇

[
− sinψ − cosψ
cosψ − sinψ

]
. (2.20)

Substituting equation 2.19 and 2.20 into 2.18 yields:

RT ∂

∂t

[
∂T
∂u
∂T
∂v

]
+ r

[
− sinψ − cosψ
cosψ − sinψ

] [
∂T
∂u
∂T
∂v

]
= RT

[
Qu

Qv

]
. (2.21)

If we multiply every term with R we lose RT because RRT = 1:

RRT ∂

∂t

[
∂T
∂u
∂T
∂v

]
+ r R

[
− sinψ − cosψ
cosψ − sinψ

] [
∂T
∂u
∂T
∂v

]
= RRT

[
Qu

Qv

]
,

∂

∂t

[
∂T
∂u
∂T
∂v

]
+ r

[
0 −1
1 0

] [
∂T
∂u
∂T
∂v

]
=

[
Qu

Qv

]
. (2.22)
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Using equation 2.5, 2.12 and 2.22 we finally obtain the following set of modified
Lagrangean equations expressed in u, v, r and ϕ:

∂

∂t

∂T

∂u
− r

∂T

∂v
= Qu,

∂

∂t

∂T

∂v
+ r

∂T

∂u
= Qv, (2.23)

∂

∂t

∂T

∂r
− v

∂T

∂u
+ u

∂T

∂v
= Qr,

∂

∂t

∂T

∂ϕ̇
− ∂T

∂ϕ
+
∂U

∂ϕ
= Qϕ.

Figure 2.5: View from above showing the non-conservative forces.

The generalized forces Qi are found from the virtual work as a result of the
virtual displacement ∆i:

∆W =
∑

Fx∆x+
∑

Fy∆y +
∑

Mz∆z +
∑

Mϕ∆ϕ. (2.24)
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When we assume that the effects of additional steer angles, as a result of sus-
pension compliance, are negligible, we obtain the following expressions for Qi

Qu =
∑

Fx = (Fx1 + Fx2) cos δ − (Fy1 + Fy2) sin δ

+Fx3 + Fx4,

Qv =
∑

Fy = (Fx1 + Fx2) sin δ + (Fy1 + Fy2) cos δ

+Fy3 + Fy4, (2.25)

Qr =
∑

Mz = a(Fx1 + Fx2) sin δ + a(Fy1 + Fy2) cos δ

+Mz1 +Mz2 − b(Fy3 + Fy4) +Mz3 +Mz4 + Fx3S2 − Fx4S2

+(Fx1 cos δ − Fy1 sin δ)S1 − (Fx2 cos δ − Fy2 sin δ)S1,

Qϕ =
∑

Mϕ = −(kϕ1 + kϕ2)ϕ̇.

Herein kϕ1 and kϕ2 are the damping coefficients at the front and rear axles and
δ is the steering angle of the front wheels (equal for both wheels).

The kinetic energy of a rigid body can be described by

T =
1
2
m ṙT

CM · ṙCM +
1
2
ωT · CMJ · ω. (2.26)

Herein ṙCM is the velocity vector of the center of mass and CMJ is the inertia
matrix of the vehicle. Because the modified Lagrangean equation is expressed
in terms of reference frame e1 we have to express the kinetic energie also in
terms of reference frame e1. First we will compute ṙCM , which is the time-
derivative of rCM :

rCM = rA + rA→B + rB→CM , (2.27)

where rA is the position of point A, rA→B is the vector from point A to point
B and rB→CM is the vector from point B to the center of mass. To get ṙCM we
differentiate rCM with respect to the time:

ṙCM =
d

dt
rA +

d

dt
rA→B +

d

dt
rB→CM . (2.28)

The velocity of point A is given by u and v, so this yields:

d

dt
rA =

 u
v
0

 . (2.29)
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Figure 2.6: Side-view of vehicle model.

The vector rA→B is the distance between A and B, which depends of θ and h3.
Therefore rA→B is constant, but it is expressed in the moving reference frame
e1. The rotational speed of e1 expressed in reference frame e1 is:

10w1 = e1T

 0
0
r

 . (2.30)

With

r1A→B = e1T

 −h′ sin θ
0

−h3

 , (2.31)

the time-derivative of rA→B becomes:

d

dt
r1A→B = 10w1 × r1A→B + ṙ1A→B =

 0
−rh′ sin θ

0

 . (2.32)

The body-fixed vector rB→CM is the distance between B and the center of mass,
which is h’. This vector is constant, but it is expressed in the moving reference
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frame e3. The rotational speed of e3 is:

30w = e1T

 0
0
r

 + e2T

 0
θ̇
0

 + e3T

 ϕ̇
0
0

 . (2.33)

Note that θ̇ is zero because h1 and h2 are constant. Now expres ω in reference
frame e3:

30w3 = e3TA32A21

 0
0
r

 + e3T

 ϕ̇
0
0

 = e3T

 r sin θ + ϕ̇
r cos θ sinϕ
r cos θ cosϕ

 . (2.34)
With

r3B→CM = e3T

 0
0
−h′

 , (2.35)

the time-derivative of rB→CM becomes:

d

dt
r3B→CM = 30w3×r3B→CM+ṙ3B→CM = e3T

 − cos θ sinϕ rh′

(sin θ r + ϕ̇)h′

0

 .(2.36)
Because we want to express the kinetic energy in reference frame e1, we have
to express the time-derivative of rB→CM also in reference frame e1:

d

dt
r1B→CM = e1TA12A23

 − cos θ sinϕ rh′

(sin θ r + ϕ̇)h′

0



= e1T

 − sinϕ rh′ − sin θ sinϕ h′ϕ̇
(sin θ r + ϕ̇) cosϕ h′

cos θ sinϕ ϕ̇h′

 (2.37)

By substituting 2.29, 2.32 and 2.37 in 2.28, ṙCM becomes:

ṙCM =

 u− sinϕ rh′ − sin θ sinϕ h′ϕ̇
v + h′ sin θ r(cosϕ− 1) + cosϕ h′ϕ̇

cos θ sinϕ ϕ̇h′

 . (2.38)
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Because ϕ and θ are small we can use the following first order approximations:

sinϕ = ϕ,

sin θ = θ, (2.39)

cosϕ = 1,

cos θ = 1.

Therefore ṙCM becomes:

ṙCM =

 u− ϕ rh′ − θϕ h′ϕ̇
v + h′ϕ̇
ϕ ϕ̇h′

 . (2.40)

After neglecting the second and higher-order terms we can write ṙCM as:

ṙCM =

 u− h′ϕr
v + h′ϕ̇

0

 . (2.41)

The first part of the kinetic energy becomes:

1
2
m ṙT

CM · ṙCM =
1
2
m{(u− h′ϕr)2 + (v + h′ϕ̇)2}. (2.42)

Now we will compute the second part of the kinetic energy. We assume that
the vehicle is symmetric with respect to the vertical, longitudinal center plane.
Therefore the products of inertia Ixy and Iyz are equal to zero and Ixz = Izx.
The inertia matrix with respect to the center of mass expressed in e4 becomes:

4
CMJ =

 Ix 0 −Ixz

0 Iy 0
−Ixz 0 Iz

 . (2.43)

Because the inertia matrix is expressed in e4, we need to express the rotational
speed of the body also in e4:

30w4 = A43 30w3 =

 cos θ (sin θ r + ϕ̇)− sin θ cos θ cosϕ r
cos θ sinϕ r

sin θ (sin θ r + ϕ̇) + cos2 θ cosϕ r

 . (2.44)
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Using the following second order Taylor series expansions:

sinα = α,

sin2 α = α2,

cosα = 1− 1
2
α2, (2.45)

cos2 α = 1− α2,

we can write 30w4 as:

30w4 =

 θr − 1
2θ

2r + ϕ̇− 1
2θ

2ϕ̇− θr + 1
2θrϕ

2 + 1
2θ

3ϕr
ϕr − 1

2θ
2ϕr

θ2r + ϕ̇θ + r − 1
2ϕ

2r − θ2r + 1
2θ

2ϕ2r

 . (2.46)

After neglecting the third and higher-order terms this becomes:

30w4 =

 −1
2θ

2r + ϕ̇
ϕr

ϕ̇θ + r − 1
2ϕ

2r

 . (2.47)

Now we know w and CMJ we can calculate the second term of the kinetic
energy:

1
2
ωT · CMJ · ω =

1
2
Ix (−1

2
θ2r + ϕ̇)2 +

1
2
Iy (ϕr)2

+
1
2
Iz (ϕ̇θ + r − 1

2
ϕ2r)2 − Ixz (ϕ̇2θ + ϕ̇r

−1
2
ϕ̇ϕ2r − 1

2
θ3ϕ̇r − 1

2
θ2r2 +

1
4
θ2ϕ2r2). (2.48)

After neglecting the second and higher-order terms this becomes:

1
2
Ix ϕ̇

2 +
1
2
Iy (ϕr)2 +

1
2
Iz (r2 − ϕ2r2 + 2θrϕ̇)− Ixzrϕ̇. (2.49)

If we combine expression 2.42 and 2.49 the total kinetic energy becomes:

T =
1
2
m{(u− h′ϕr)2 + (v + h′ϕ̇)2} +

1
2
Ix ϕ̇

2

+
1
2
Iy (ϕr)2 +

1
2
Iz (r2 − ϕ2r2 + 2θrϕ̇)− Ixzrϕ̇. (2.50)

The potential energy U consists of two parts: energy Us that is built up in
the torsional springs and the gravity energy Ug through the height of the center
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of mass. Us is built up in the front torsional spring with roll stiffness cϕ1 and
in the rear torsional spring with roll stiffness cϕ2:

Us =
1
2
cϕ1 ϕ

2 +
1
2
cϕ2 ϕ

2. (2.51)

We define the gravity energy being zero when the roll angle is zero. Therefore
the gravity energy as a result of the roll angle is:

Ug = mgh′ (cosϕ cos θ − cos θ ). (2.52)

Using the Taylor expansions of 2.45 we obtain:

Ug = −mgh′ (1
2
ϕ2 − 1

4
ϕ2θ2). (2.53)

Because ϕ and θ are small we can neglect the last term. The total potential
energy becomes:

U =
1
2

(cϕ1 + cϕ2) ϕ2 − 1
2
mgh′ϕ2. (2.54)

The equations of motion are finally established by using the expressions
2.25, 2.50 and 2.54 in the equations 2.23. For the first coordinate u we obtain:

∂

∂t
{m (u− rϕh′)} − rm (v + ϕ̇h′) = Qu, (2.55)

m (u̇− rv − h′ϕṙ − 2h′rϕ̇) = Qu. (2.56)

For the second coordinate v we obtain:

∂

∂t
{m (v + ϕ̇h′)} + rm (u− rϕh′) = Qv, (2.57)

m (v̇ + ϕ̈h′ + ru− r2ϕh′) = Qv. (2.58)

For the third coordinate r we obtain:

∂

∂t
{−m (u− h′ϕr) h′ϕ+ Iy ϕ

2r + Iz (r − ϕ2r + θϕ̇)− Ixz ϕ̇}

−vm (u− h′ϕr) + um (v + ϕ̇h′) = Qr, (2.59)

−m (u̇h′ϕ− 2h′2ϕϕ̇r − h′2ϕ2ṙ) + Iy (2ϕϕ̇r + ϕ2ṙ)

+Iz (ṙ − 2ϕϕ̇r − ϕ2ṙ + θϕ̈)− Ixz ϕ̈+ vmh′ϕr = Qr, (2.60)

After neglecting ϕϕ̇ and ϕ2 we obtain:

−mu̇h′ϕ+ vmh′ϕr + Iz ṙ + Iz θϕ̈− Ixz ϕ̈ = Qr. (2.61)
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For the last coordinate ϕ we obtain:

∂

∂t
{m (v + ϕ̇h′) h′ + Ix ϕ̇+ Iz θr − Ixz r} +m (u− h′ϕr) h′r

−Iy ϕr2 + Iz ϕr
2 + (cϕ1 + cϕ2) ϕ−mgh′ϕ = Qϕ, (2.62)

m (v̇ + ϕ̈h′) h′ + Ix ϕ̈+ Iz θṙ − Ixz ṙ +muh′r −mh′2ϕr2 − Iy ϕr
2

+Iz ϕr2 + (cϕ1 + cϕ2 −mgh′) ϕ = Qϕ. (2.63)

Finally we obtain the four equations of motion using equations 2.56, 2.58, 2.61
and 2.63:

m (u̇− rv − h′ϕṙ − 2h′rϕ̇) = (Fx1 + Fx2) cos δ − (Fy1 + Fy2) sin δ

+Fx3 + Fx4 (2.64)

m (v̇ + ru+ h′ϕ̈− h′r2ϕ) = (Fx1 + Fx2) sin δ + (Fy1 + Fy2) cos δ

+Fy3 + Fy4 (2.65)

Iz ṙ + (Iz θ − Ixz) ϕ̈−mh′ (u̇− rv) ϕ = a(Fx1 + Fx2) sin δ

+a(Fy1 + Fy2) cos δ +Mz1 +Mz2 − b(Fy3 + Fy4) +Mz3 +Mz4

+Fx3S2 − Fx4S2 + (Fx1 cos δ − Fy1 sin δ)S1

−(Fx2 cos δ − Fy2 sin δ)S1, (2.66)

(Ix +mh′2) ϕ̈+mh′ (v̇ + ru) + (Iz θ − Ixz) ṙ − (mh′2 + Iy − Iz) ϕr2

+(kϕ1 + kϕ2) ϕ̇+ (cϕ1 + cϕ2 −mgh′) ϕ = 0. (2.67)

When we assume that the steering angle δ is small, we can linearize cos δ and
sin δ. Therefore the equations of motion become:

m (u̇− rv − h′ϕṙ − 2h′rϕ̇) = Fx1 + Fx2 − (Fy1 + Fy2)δ

+Fx3 + Fx4 (2.68)

m (v̇ + ru+ h′ϕ̈− h′r2ϕ) = (Fx1 + Fx2)δ + Fy1 + Fy2

+Fy3 + Fy4 (2.69)

Iz ṙ + (Iz θ − Ixz) ϕ̈−mh′ (u̇− rv) ϕ = a(Fx1 + Fx2)δ

+a(Fy1 + Fy2) +Mz1 +Mz2 − b(Fy3 + Fy4) +Mz3 +Mz4

+Fx3S2 − Fx4S2 + (Fx1 − Fy1δ)S1 − (Fx2 − Fy2δ)S1, (2.70)

(Ix +mh′2) ϕ̈+mh′ (v̇ + ru) + (Iz θ − Ixz) ṙ − (mh′2 + Iy − Iz) ϕr2

+(kϕ1 + kϕ2) ϕ̇+ (cϕ1 + cϕ2 −mgh′) ϕ = 0. (2.71)



Chapter 3

Measurements

TNO has done a number of tests with the loaded and unloaded vehicle [4].
All these test are standardized so that the results can be compared with other
vehicles and other loading conditions. There are four tests whose results are
used in this research:

• Steady-state circular test (CI)

• Pseudo random steering input test (PR)

• J-turn (JT)

• Lane change (LC).

All measurements are performed on a flat level road. Every test is done with
a left turn and a right turn, so the symmetry of the car and the sensors can be
checked.

By every test the positions of the sensors are also measured. This is impor-
tant because it influences the measured signals. There are two effects that the
vehicle model has to take into account. The first effect is that the sensors are
located on the rolling vehicle body. So when the vehicle body rolls about the
roll axis, there is an additional movement of the sensors. The second effect is
that the sensors are not located in point A, but on the right front seat or in the
trunk. This yields an additional movement when the vehicle rotates about the
z-axis (yawrate). The vehicle model was already adjusted to match the output
signals that where measured.

3.1 Steady-state circular test

This test is standardized in ISO 4138 and the aim of the test is to determine the
steady-state behavior of a vehicle [1]. Using this test it is possible to construct
a handling diagram. During the test the vehicle is driving over a circle with a
fixed radius R. This is done with different constant forward velocities V . The
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steering wheel angle is adjusted to maintain the constant radius. The vehicle
has to be in steady-state; the transient effects will not be considered.

To simulate a CI test the simulink model needs a controller to drive over a
circle. One of the output signals of the vehicle model is the curvature, which
is the inverse of the radius. This signal is used to compare the current radius
with the preferred radius. The difference is integrated and added to the steering
wheel angle. Using this controller the steering wheel is adjusted to keep a
constant radius. See the appendix for the extended simulink model.

During the test, the vehicle is driving with different constant velocities.
Therefore, the simulink model is also equipped with a simple cruise control
to keep a certain (constant) velocity. Note that the Audi S8 is a four wheel
driven car, so the Simulink model has to be four wheel driven to.

3.2 Pseudo random steering

This test is standardized in ISO 7401 and ISO/TR 8726 [1]. The aim of the test
is to determine several transfer functions.

To estimate the transfer function of a dynamic system, the system can be
subjected to a random input signal which contains all (relevant) frequencies.
To check which frequencies are present in the input signal the power spectral
density (PSD) of the input can be calculated. The PSD tells something about the
distribution of signal per unit frequency. The measurements have to be long
enough to contain enough signal for every necessary frequency. The transfer
function can be estimated by the quotient of the cross power spectral density
(CPSD) of the input and the output, and the PSD of the input. This procedure
is implemented in Matlab with the function tfestimate. Because this method
will only work for linear systems it is important that we avoid nonlinearities.

During the test the vehicle is driving with a constant forward velocity V . To
make sure that the transfer function estimate is accurate enough, the total time
of the measurement must be more than 15 minutes. Because it is physically im-
possible to subject a vehicle to a random steer input, we use a pseudo-random
input. This can be done by a steering robot or an experienced driver. The steer-
ing input looks like a sinus whose frequencies vary from about 0.1 to about
5 Hz, see figure 3.1. To avoid nonlinear behavior, the amplitude of the input
must be small enough to make sure that the lateral acceleration is not too high.
Using the results of the CI-test, the maximum lateral acceleration for which the
vehicle still shows linear behavior can be determined.

3.3 J-turn

This test is standardized in ISO 7401 and it will be used to verify the vehicle
model [1]. While the vehicle is driving with a constant forward velocity, a step
steer input is performed. This is not a real step input, because that is physically
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Figure 3.1: Example of pseudo-random input.

impossible. This test is also known as a lateral transient response test, because
the nonlinear effects are also taken into account.

To simulate a J-turn test with the simulink model, there are two inputs
needed: the steering wheel angle and the forward velocity. During a J-turn test
the forward velocity is kept constant. In the real test the forward velocity is
not really constant. Therefore, the mean velocity is calculated and used for the
simulation.

Figure 3.2: Example of J-turn input.
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3.4 Lane change

This test is standardized in ISO/TR 3888 and it will also be used to verify the
vehicle model [1]. For this test, a course is set out which simulates an obstacle
avoidance. The driver has to find the maximum velocity with which he can
complete the course. During this test very high lateral accelerations occur, so
the nonlinear behavior is very important.

To simulate the vehicle model, the input signals are again the steering
wheel angle and the forward velocity. But this velocity is not kept constant.
Most drivers accelerate during the test for a better handling. Therefore, the
measured velocity is used as a reference speed for the cruise control of the
simulink model.

Figure 3.3: The course of a lane change, with the width of the car W .



Chapter 4

Parameter optimization

The parameters used in the vehicle model can be divided into two groups: pa-
rameters that can be measured and parameters that have to be fitted on the
measurements. That fitting of parameters is done by an optimization process.
The purpose of this optimization process is to match the behavior of the vehi-
cle model with that of the real vehicle. After calculating the transfer functions,
the behavior of the vehicle and that of the model can be expressed in bode di-
agrams. The optimization process is used to match the bode diagrams of the
vehicle with those of the model.

4.1 Method

This problem can be described as a constraint optimization problem [3]. For
this problem the Matlab function fmincon is used. This Matlab function mini-
mizes an objective function subjected to constraint functions.

The objective or error function is a function-file, which calculates a certain
error, that has to be minimized. In this case, the error is a criterion for the
difference between the bode diagram of the measurements and that of the sim-
ulations. The input of this function is the vector x, which contains a multipli-
cation factor for every parameter that has to be optimized and the output is the
value of the error. This function first updates the model parameters using the
scaling factors in the input vector x. Next, it simulates the simulink model with
the given parameters to determine the bode diagrams. This is done by subject-
ing the simulink model to a pseudo-random steering input test. The input is
a sinus sweep from 0.05 Hz to 5.5 Hz. By making the frequency range a little
bigger, the coherence is good through the entire range from 0.1 Hz to 5 Hz.
After this simulation four transfer functions, from ay, r and ϕ to δ and from ϕ
to ay, can be determined using the Matlab function tfestimate (see chapter 3,
section 2). To calculate the error between two transfer functions the following
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error function is used:

error = mean

{∣∣∣∣mag(Hs(i))−mag(Hm(i))
fscaling

∣∣∣∣}

+ mean

{∣∣∣∣phase(Hs(i))− phase(Hm(i))
fscaling

∣∣∣∣} , (4.1)

whereHs is the simulated transfer function,Hm is the measured transfer func-
tion, i is the frequency index and fscaling is a scaling factor. H is a vector con-
taining a complex responses for every frequency i. Therefore, mag(H) is the
magnitude and phase(H) is the phase angle of transfer function H . Equation
4.1 calculates for every frequency i the difference in magnitude and phase be-
tween the measured value Hm and the simulated value Hs. Every difference
is divided by a scaling factor. To make sure that the calculation of the mean
is independent of the difference in sign the absolute value is taken. For every
transfer function the mean error in magnitude and the mean error in phase
angle is added up. Note that the command phase is used and not angle, oth-
erwise a phase lag of more than 180 degrees will become positive. This will
result in a wrong optimization, because the optimization routine tries to create
a phase lead instead of a phase lag. The scaling of the error is very important,
otherwise the different errors of the magnitude and phase angle for different
transfer functions can not be added up. The maximum value of the bode plots
of the measurements is used to scale every accompanying error.

transfer function magnitude phase

Hay 0.1142 1.9329

Hr 0.3363 2.4673

Hϕ 0.0690 5.3485

Hϕ/ay 1.0501 5.2804

Table 4.1: Scaling factors.

The parameters that have to be optimized must be scaled to, because they
have different magnitude, which may influence the results. Therefore these
parameters are scaled with their initial value. The value of the initial guess is
very important, because it may influence the results. For the parameters that
are not related to the mass, the value of the unloaded car is used. But for the
mass related parameters Ix , Iy , Iz , Ixz this values are too far off. Because the
mass of the vehicle is increased with a factor 1.2, the initial values of the inertia
moments are increased with a factor of 1.2 too.

The constraint function is a function-file, which calculates the values of
all constraints. The input of this function is again the vector x. The out-
puts are g and h, which are vectors containing the values of the constraints.
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The constraints have to be in the negative null-form [3]. There are two kinds
of constraints: the equality constraints (h) and the inequality constraints (g).
The equality constraints have to be zero, otherwise the solution is not in the
feasible domain. For example, the equality constraint x(1) = 0.5 becomes
[h] = x(1) − 0.5. The inequality constraints have to be equal or less than zero,
otherwise the solution is not in the feasible domain. For example, the inequal-
ity constraint x(1) 5 0.5 becomes [g] = x(1)− 0.5. For this problem there is
only one constraint: h1 has to be smaller than h2. This yields:

[g] = h1 − h2. (4.2)

4.2 Results

In this section the results of the optimization will be shown. For every transfer
function, the magnitude, the phase angle and the coherence are plotted.

Figure 4.1: Bode plot of lateral acceleration response to steering wheel angle.
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Figure 4.2: Bode plot of yaw velocity response to steering wheel angle.

Figure 4.3: Bode plot of roll angle response to steering wheel angle.
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Figure 4.4: Bode plot of roll angle response to lateral acceleration.
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The initial values match quite good with the measurements. Therefore, the
found optimum is not a big improvement. The most improvements are made
in the middle of the frequency range. The biggest improvement is visible in
figure 4.3 and 4.4: the roll eigen frequency is shifted upwards, which results in
a better match to the measurements. However, the coherence of the measure-
ments in this frequency range is not very good.

The following table shows for every vehicle parameter the value for the nor-
mal condition and the value for the loaded condition. The vehicle parameters
that did not change are not shown. The first two parameters m and a have
not been optimized. The mass of the vehicle is determined by measuring the
static normal force for every wheel. From this a can also be calculated. For both
conditions the same tires with the same relaxation length are used.

parameter normal fully loaded

m 1971.8 2351.6

a 1.1907 1.5064

h′ 0.6000 0.6211

Ix 900 900.0032

Iy 3200 3912

Iz 3600 3605.6

h1 0 0.0081

cϕ1 105 e3 109.11 e3

kϕ1 2.0 e3 3.6716 e3

camber1 -0.6 -0.573

toe− in1 0.2 0.2235

ccompl1 5.0615 e-6 4.1818 e-6

h2 0.05 0.0545

cϕ2 55 e3 69.358 e3

kϕ2 1.5 e3 2.3975 e3

camber2 -0.7 -0.5787

toe− in2 0.15 0.1719

ccompl2 6.9813 e-7 3.5019 e-7

Table 4.2: Vehicle parameters.



Chapter 5

Model validation

In this chapter, the results of three tests will be shown: first the steady-state
circular test, next a J-turn step steer input test and finally the results of a se-
vere lane change. For every test, the simulations of the loaded vehicle will be
compared with the measurements [4] and with the simulations of the unloaded
vehicle.

5.1 Steady-state circular test

To verify the measurements, the radius over which the vehicle was driving can
be calculated. There are two ways to determine the radius:

R =
V

r
, (5.1)

R =
V 2

ay
, (5.2)

with forward velocity V , the yaw rate r and the lateral acceleration ay. Both
ways are used and plotted in figure 5.1. The average radius is 99.11 m. This
radius is used as reference radius for the simulations. The radius over which
the vehicle was driving during the simulations is plotted in figure 5.2. It can be
concluded that the steering controller used for the simulations is working very
well.
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Figure 5.1: Calculating the radius used for the measurements.

Figure 5.2: Checking the radius used for the simulations.
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In figure 5.3, the steering wheel angle is plotted for different lateral accel-
erations. The vehicle has a linear response for lateral accelerations of less than
4.5 m/s2. The nonlinear behavior for higher lateral accelerations results from
nonlinear tyre behavior; the front tyres reach their maximum lateral force. Be-
cause in this test only steady-state behavior is investigated the simulation does
not match the measurements well. During the optimization process the model
is parameterized for responses from 0.1 Hz to 5 Hz. This means that below
0.1 Hz there are no measuring points and at 0.1 Hz there is only one of 106
measuring points. Therefore, the low frequency behavior is hardly taken into
account, which results in a steady-state deviation. This steady-state deviation is
also visible in the other figures and in the optimization results of chapter four.
The fully loaded vehicle is less understeered than the normal loaded vehicle.
As a result of the extra load in the back of the car, point A shifts backwards (a
is increased). Therefore, the rear axle has to generate a bigger lateral force to
reach the same lateral acceleration. This will result in a larger side slip angle at
the rear axle and this means that the vehicle is less understeered.

In figure 5.4, the steady-state yaw velocity gain is plotted. The value of the
simulation is much too high, except for speeds above 90 km/h. As already
seen in figure 5.3, the loaded vehicle model is less understeered than the real
vehicle. This also results in a too big steady-state yaw velocity gain. For the
loaded vehicle, the steady-state yaw velocity gain has increased. That is because
the vehicle is less understeered. Therefore, the vehicle has a higher yawrate at
the same steering wheel angle.

In figure 5.5, the vehicle side slip angle β is plotted. During the optimization
of chapter four, the transfer function from β to δ is not taken into account. That
could explain why the vehicle side slip angle does not match themeasurements.
The side slip angle of the loaded vehicle has increased, especially at high lateral
accelerations. Because of the bigger side slip angle of the rear axle, the vehicle
side slip angle increases.

In figure 5.6 the vehicle body roll angle ϕ is plotted. Herein a deviation of
the roll angle sensor of 0.7 deg is taken into account. When a vehicle has no
lateral acceleration, the roll angle must be zero. Therefore the deviation can be
determined. With that deviation taken into account, the simulation matches
the measurements well. The roll angle of the loaded vehicle is increased, in
spite of the increased roll stiffness. That is because both the mass and the
center of gravity height have increased.
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Figure 5.3: Steering wheel angle versus lateral acceleration.

Figure 5.4: Steady-state yaw velocity gain versus lateral acceleration.
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Figure 5.5: Vehicle side slip angle versus lateral acceleration.

Figure 5.6: Vehicle body roll angle versus lateral acceleration.
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Using the measurements of this test, it is possible to construct a handling
diagram. In a handling diagram, the lateral acceleration is plotted against the
difference between the side slip angle of the rear axle α2 and that of the front
axle α1. A handling diagram shows if a vehicle is understeered, neutral or
oversteered. This vehicle is understeered because the steering wheel angle
increases with increasing lateral accelerations, see figure 5.7 and fig 5.3. As
already mentioned the loaded vehicle is less understeered, which is clearly vis-
ible in the handling diagram.

Figure 5.7: Handling diagram.
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5.2 J-turn

Figure 5.8 shows the two input signals for the Simulink model used for the
normal conditions and for the fully loaded conditions. The forward velocity
of the measurement is not constant, but slightly decreasing. However, for the
simulations the mean velocity is used during the whole test.

Figure 5.8: Input signals of a J-turn test.

In figure 5.9 the output signals are plotted. Note that the deviation of the
roll angle sensor is already taken into account. The simulation with the loaded
vehicle matches the measurements quite well. As already seen at the CI test,
the steady-state values of r and β are not so good. The transient response is
good, but the steady-state deviation is again visible. All the output signals of
the loaded vehicle have increased compared to that of the unloaded vehicle.
This was already visible at the CI test of the previous section. The phase lag is
also increased due to the increased mass of the vehicle.
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Figure 5.9: Output signals of a J-turn test.
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5.3 Lane change

The input signals used for the simulations are again the steering wheel angle
and the forward velocity. They are plotted in figure 5.10. The vehicle speed
of the simulink model corresponds well with that of the measurement. Only
the last second the model does not accelerate enough. It is also visible that the
unloaded vehicle accelerates more than the fully loaded vehicle.

Figure 5.10: Input signals of a Lane Change.

The output signals are shown in figure 5.11. The value of the roll angle
has much improved, but it is still a bit too low. Especially the phase lag has
improved, compared to the unloaded vehicle. The yaw rate and the lateral ac-
celeration match very well. Here a big improvement is made compared to the
unloaded vehicle. The loaded vehicle has a bigger phase lag compared with the
unloaded vehicle. This is a result of the increasedmass. The lateral acceleration
has increased. This is a result of the decreased understeer.
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Figure 5.11: Output signals of a Lane Change.



Chapter 6

Conclusions and

recommendations

For this research, there where three objectives formulated:

1. Thoroughly derive the equations of motion used for the two track vehicle
model described by Prof. Pacejka [2].

2. Parameterize the Matlab/Simulink model for the fully loaded Audi S8.

3. Investigate the effect of the load on the handling of the car by comparing
the vehicle dynamics of the loaded vehicle with those of the unloaded
vehicle.

In section 6.1 conclusions are drawn with regard to these objectives. In section
6.2 recommendations are formulated about how to improve the vehicle model
and about how to improve the parameterization of the vehicle model.

6.1 Conclusions

A thorough derivation of the equations of motion for the two track vehicle
model with roll axis has been made. Every step is showed and explained, so
the derivation of the equations of motion should be easy to understand. It can
be concluded that the equations of motion described by Prof. Pacejka are cor-
rect [2].

Themodel parameters for the loaded condition have been determined by an
optimization process. Although there is made a little improvement, the bode
plots seem to match quite well with the measurements. After validation of the
vehicle model, it can be concluded that the transient response is very good, but
the steady-state behavior is too far off.
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After comparing the vehicle dynamics of the loaded vehicle with those of
the unloaded vehicle, the following conclusions can be drawn: due to the load-
ing, the vehicle has less understeer and higher lateral accelerations. Due to the
increased total mass, the phase lag of the vehicle increases.

6.2 Recommendations

The vehicle model shows a big deviation with regard to the measurements dur-
ing steady-state behavior. Therefore, the optimization process needs some im-
provements. During that process the model is parameterized for responses
from 0.1 Hz to 5 Hz. This means that the low frequency behavior is hardly
taken into account, which results in a steady-state deviation.

To improve the parameterization, the optimization process can be executed
in two steps. First the steady-state behavior of the vehicle model can be opti-
mized using the CI test [4]. Using the equations of motion, derived in chapter
2, the equations of motion for steady-state behavior become:

−mrv = Fx1 + Fx2 − (Fy1 + Fy2)δ + Fx3 + Fx4, (6.1)

mru−mh′r2ϕ = (Fx1 + Fx2)δ + Fy1 + Fy2 + Fy3 + Fy4, (6.2)

mh′rv ϕ = a(Fx1 + Fx2)δ + a(Fy1 + Fy2)

+Mz1 +Mz2 − b(Fy3 + Fy4) +Mz3 +Mz4

+Fx3S2 − Fx4S2 + (Fx1 − Fy1δ)S1 − (Fx2 − Fy2δ)S1, (6.3)

mh′ru− (mh′2 + Iy − Iz) ϕr2 + (cϕ1 + cϕ2 −mgh′) ϕ = 0. (6.4)

The vehicle model parameters that influence the steady-state behavior are: m,
a, b, h′, Iy, Iz , S1,2, cϕ1,2 , camber1,2, toe−in1,2 and ccompl1,2. The parameters
m, a, b and S1,2 can be measured, the other parameters have to be optimized.
This can be done using the CI test, so that the steady-state behavior of the
vehicle model matches with the measurements. However, the found values for
Iy and Iz are not very reliable. They only occur in the last equation (equation
6.4). There the difference between Iy and Iz is calculated, so there are many
solutions possible.

In the second step, the parameters Ix, Iy, Iz , Ixz , h1,2 and kϕ1,2 are opti-
mized using the same routine as discussed in chapter 4. In this step, the tran-
sient response of the vehicle model is matched with the measurements. The
parameters which where already optimized except Iy and Iz , are now fixed.

Using this two step optimization process, both the steady-state behavior and
the transient response are matched with the measurements. This will result in
a better parameterization of the vehicle model.



Appendix A

Extension of the Simulink

model

In figure A.1 the extended simulink model is shown. The top section is the
steering controller used to simulate a CI test and the bottom section is the
cruise control.

The steering controller uses the curvature to calculate the radius. When the
vehicle is driving in a straight line, the curvature is zero. Therefore, the inverse
of the curvature can not be calculated. To solve this problem, a saturation is
used to make sure the curvature can not become zero. The saturation has a
maximum of 1 e 10 and a minimum of 0.00001. After the radius is calculated
the difference between the radius and the reference radius is calculated. This
difference is integrated and added to the initial steering wheel angle. By inte-
grating the difference, the steering wheel angle is adjusted till the difference is
equal to zero.

The cruise control is a simple proportional controller. The difference be-
tween de reference velocity and the velocity of the vehicle is calculated and
multiplied with a gain of 120.
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Figure A.1: The extension of the simulink model.
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Summary

For the course Vehicle Dynamics a two track vehicle model with a roll axis has
been made in Matlab/Simulink [1]. This vehicle model is based on the model
described and derived by Prof. Pacejka in his book Tyre and Vehicle Dynamics
[2]. Because the derivation of the equations of motion in Pacejka’s book is
very brief, there was a need for a thorough derivation of these equations. This
vehicle model has been parameterized for an unloaded Audi S8. However, for
the fully loaded vehicle the model parameters have not been determined. Also
the influence of the load on the handling of the vehicle is not investigated.

Therefore the three objectives formulated for this research are:

1. Thoroughly derive the equations of motion used for the two track vehicle
model described by Prof. Pacejka [2].

2. Parameterize the Matlab/Simulink model for the fully loaded Audi S8.

3. Investigate the effect of the load on the handling of the car by comparing
the vehicle dynamics of the loaded vehicle with those of the unloaded
vehicle.

First an accurate derivation of the equations of motion has been made.
From this, it can be concluded that the equations of motion used for the ve-
hicle model are correct. Second, the model parameters for the loaded condition
have been determined by an optimization process. Although there is made a
little improvement, the bode plots seem to match quite well with the measure-
ments. Using three tests the vehicle model is validated. The transient response
is very good, but the steady-state behavior is not so good. Finally, the vehicle
dynamics of the fully loaded vehicle are compared with those of the unloaded
vehicle. It is shown that the loaded vehicle has less understeer, a larger phase
lag and higher lateral accelerations.

It can be concluded that the steady-state behavior of the Simulink model
does not match very good with the measurements. Therefore, the optimization
process can be improved by taking also the steady-state behavior into account.
By using a 2-step optimization process, both the steady-state behavior and the
transient response can be optimized, which will result in a better parameterization
of the vehicle model.
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Samenvatting

Voor het college Voertuigdynamica is een tweespoors voertuigmodel met rolas
in Matlab/Simulink gemaakt [1]. Dit voertuigmodel is gebaseerd op het model
dat beschreven en afgeleid is door Prof. Pacejka in zijn boek Tyre and Vehicle
Dynamics [2]. Omdat de afleiding van de vergelijkingen erg beknopt is, was er
behoefte aan een grondige afleiding van deze vergelijkingen. Voor het college
Voertuigdynamica is dit voertuigmodel geparameteriseerd voor een onbeladen
Audi S8. Echter voor het volledig beladen voertuig zijn de model parameters
nog niet bepaald. Ook is de invloed van de belading op het weggedrag niet
onderzocht.

Voor dit onderzoek zijn derhalve de volgende doelstellingen geformuleerd:

1. Maak een grondige afleiding van de bewegingsvergelijkingen van het
tweespoors model.

2. Parameteriseer het voertuigmodel voor de volledig beladen Audi S8.

3. Onderzoek het effect van de belading op het weggedrag van het voertuig.

Als eerste is een grondige afleiding van de bewegingsvergelijkingen
gemaakt. Hieruit volgt dat de gebruikte bewegingsvergelijkingen correct zijn
[2]. Als tweede zijn de modelparameters voor de beladen conditie bepaald door
middel van een optimalisatie. Ondanks dat er hierbij weinig vooruitgang is
geboekt, komen de bode plaatjes redelijk goed overeen met de metingen [4].
Het voertuigmodel is gevalideerd met behulp van drie testen. Het overgangs-
gedrag is goed, maar de stationaire waarden komen niet zo goed overeen met
de metingen. Als laatste is het weggedrag van het volledig beladen voertuig
vergeleken met dat van het onbeladen voertuig. Er wordt aangetoond dat het
beladen voertuig minder onderstuurd is, dat het een grotere fase achterstand
heeft en dat het hogere laterale versnellingen heeft.

Er kan geconcludeerd worden dat het stationaire gedrag van het
voertuigmodel niet goed overeenkomt met dat van de metingen. Daarom kan
het optimalisatieproces verbeterd worden door ook het stationaire gedrag mee
te nemen. Door de optimalisatie in twee stappen uit te voeren kan zowel het
stationaire gedrag als het overgangsgedrag geoptimaliseerd worden. Dit zal
resulteren in een betere parameterisatie van het voertuigmodel.
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