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The Importance of Kinematic Configurations

for Motion Control of Driving Simulators

Maurice Kolff1,2, Joost Venrooij1, Markus Schwienbacher1, Daan M. Pool2, and Max Mulder2

Abstract— This paper describes how the kinematic configura-
tion of a driving simulator’s motion system affects the rendered
inertial motion. The specific force and rotational rate equations
between the point where the motion is applied (Motion Refer-
ence Point (MRP)), and the point in which the driver perceives
the motion (Cueing Reference Point (CRP)), are derived for
three kinematic configurations: (i) a hexapod, (ii) a hexapod
with an xy-drive and a yaw-drive below, and (iii) the same
system as (ii), but with the yaw-drive on top. The rotational
rate equations show that having a yaw-drive on top greatly
complicates the motion control. Furthermore, simulation results
show that, regardless of the yaw-drive location, the difference
between MRP and CRP becomes noticeable for large yaw-
drive excitations. For such driving simulators, the positional
offset between MRP and CRP can therefore not be ignored,
complicating the motion control.

I. INTRODUCTION

Driving simulators are important tools for automotive

research as they provide a safe, cost-efficient, and controlled-

environment alternative to real vehicle testing. Typical re-

search examples are human-machine interaction [1], human-

in-the-loop testing of vehicle safety systems [2], and human

factors research on automated driving and traffic safety [3].

When employed with a motion system, its goal is often to

mimic the inertial motion of the real vehicle as closely as

possible to make the simulation more realistic. This conver-

sion is performed by the Motion Cueing Algorithm (MCA)

[4], which converts the simulated vehicle motion (typically,

specific forces and rotational rates) to motion that retains the

physical limits of the simulator. Poor motion reproduction

can lead to decreased realism [5], simulator sickness [6], and

unwanted adaptation of control behaviour [7], all negatively

affecting the testing of vehicular technologies.

Many motion systems consist of a six Degree of Freedom

(DoF) hexapod [8], also known as Stewart [9] or Stewart-

Gough [10] platform. To improve the potential motion re-

production, a novel trend in state-of-the-art driving simulator

technology is to extend the workspace of the six DoF hexa-

pod using additional motion subsystems. This is commonly

done using linear xy-drives (e.g., FKFS’s simulator [11]),

rotational yaw-drives (e.g., BMW’s Sirius Vector [12]), or a

combination of both (e.g., Toyota’s Driving Simulator [13],
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of Research and Development at BMW Group, 80807 Munich, Germany,
e-mail: Maurice.Kolff@bmw.de; Joost.Venrooij@bmw.de;
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2 D. M. Pool, M. Mulder, and M. Kolff are with the section of Control &

Simulation at Delft University of Technology, 2628HS Delft, The Nether-
lands, e-mail: d.m.pool@tudelft.nl; m.mulder@tudelft.nl;
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Renault’s ROADS [14], and BMW’s Sapphire Space [12]).

Although the additional workspace can improve the motion

reproduction, the complexity of the motion control also in-

herently increases, as the MCA needs to correctly incorporate

the kinematics of the additional motion subsystems.

The kinematic relations between the various simulator

motion subsystems depend on where these subsystems are

located (e.g., yaw-drive above or below the yaw-drive [15]),

and affect the specific forces and rotational rates as presented

in the simulator cabin. Although the kinematic relations

for hexapods are known (e.g., [16]), to the best of our

knowledge, a complete, formal derivation of the kinematics

of driving simulators with additional motion systems has not

been presented yet. Furthermore, there can be a difference

in motion between the point where the simulator motion

is applied (Motion Reference Point (MRP)) and where the

driver is actually seated and perceives the motion (Cueing

Reference Point (CRP)), which is often neglected to simplify

the control problem. However, if simulators with additional

subsystems are used, it is possible that these positional

offsets cannot be neglected. If this offset is not accounted for

through the correct kinematic relations, unwanted perceivable

differences could occur between the MRP and the CRP.

Thus, the role of the difference between MRP and CRP as a

function of the simulator configuration must be investigated.

The contribution of this paper is threefold: First, the kine-

matic relations of the specific forces and rotational rates are

derived for the MRP. This is done for three general simulator

configurations: (i) a hexapod, (ii) a hexapod on an xy-drive

and yaw-drive combination, and (iii) the same configuration

as (ii), but with the yaw-drive above the hexapod. Using

these results, the kinematic relations of many other motion

simulators can be derived analogously. Second, the equations

of motion relating the MRP and the CRP are derived. Third,

by simulating these kinematic configurations using sinusoid

forcing functions, the differences in inertial motion between

the MRP and the CRP are quantified.

The structure of this paper is as follows. Section II

describes the motion system kinematic relations. Section III

describes the simulation results, followed by the discussion

in Section IV, and the conclusion in Section V.

II. KINEMATICS OF MOTION SYSTEMS

A. Vehicle System

When driving in a simulator, ideally the motion of the

simulator comes as close as possible to the real vehicle. The

human perception of motion primarily occurs through the

vestibular system [17], located near the inner ears, defining
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the Vehicle Reference Point (VRP), see Fig. 1. It are the

specific forces and rotational rates occurring at this point in

the real vehicle that the simulator should reproduce. When

these motion data come from a real vehicle, an Inertial Mea-

surement Unit (IMU) measures specific forces and rotational

rates [18], which can be in an arbitrary position. The specific

forces and rotational rates must be transformed from the

position of the IMU to the VRP. The vector rIV relates

the IMU and VRP, see Fig. 1.

IMU

VRP

VIS

rIVx
V
I

z
V
I

x
V
V

z
V
V

x
V IS

z
V IS

Fig. 1. The vehicle system, indicating the position of the Vehicle Reference
Point (VRP) with respect to the Inertial Measurement Unit (IMU). The IMU
measures the vehicle’s specific forces and rotational rates. The vehicle’s
position and attitude are defined in the Vehicle Inertial System (VIS).

B. Simulator Systems

The aim of the MCA is to convert the vehicle model

specific forces and rotational rates, as acting on the VRP,

to generate platform accelerations and rotational rates acting

on the human as close as possible to those experienced in

a real vehicle. The specific forces and rotational rates are

therefore required as inputs of the MCA and are generated

by a vehicle model. Similar to the VRP in the real vehicle,

for the simulator the CRP exists, in which the motion is

perceived, e.g., see Fig. 2a. Thus, the motion applied in the

MRP must aim at producing the proper motion in the CRP.

The three kinematic configurations studied in this paper

are based on two systems present at BMW group. First,

the Ruby Space (RS, Figure 2a) consists of a hexapod on

top of a tripod. The latter acts as a combination of an xy-

drive (by moving in x and y) and a yaw-drive (by rotating

around z using the angle ψd), see [19], [20]. Second, the

Sapphire Space (SS, Figure 2b), consisting of a large xy-

drive at the bottom, a hexapod, and a yaw-drive. Both

systems therefore have nine DoF to manipulate the three

translations and three rotations of the vehicle mockup. The

platform workspace limits are shown in Table I. Next to

differences in size, the fundamental difference between the

systems is where the additional yaw rotations ψd are applied.

To calculate the resulting forces and rates acting on the

vehicle mockup body frame B, as a function of the motion

applied in the inertial system Simulator Inertial System (SIS),

(conveniently located in the geometric center of the lowest

simulator component), the contributions of the different DoFs

must be combined. Because the hexapod of the Ruby Space

is rotated through the tripod rotation, a local inertial system

fixed to the tripod TIS is defined, see Figure 2a. In practice,

the vector rBMC between MRP and CRP can also be different

per simulator and vehicle mockup combination. To allow

for a fair comparison between both systems, we assume

r
B
MC = [x, y, z] = [−0.185, 0.40, 1.4]⊤, which was

measured in the Sapphire Space.

TABLE I

UNI-DIRECTIONAL WORKSPACE LIMITS OF THE TWO CONSIDERED

MOTION SYSTEMS, RS = RUBY SPACE, SS = SAPPHIRE SPACE.

hexapod xy-drive yaw-drive
xh yh zh ϕh θh ψh xd yd ψd
m m m deg deg deg m m deg

RS 0.28 0.25 0.2 20 20 20 0.75 0.75 20
SS 1.4 1.2 0.8 25 25 35 9.57 7.85 180

C. Kinematic Chains

1) Six Degrees of Freedom: For a six DoF simulator, the

attitude of the system with respect to the inertial reference

system SIS is defined by the set of three Euler angles ϕ,

θ, and ψ, describing the roll, pitch, and yaw angles, around

the x, y, and z axes, respectively. In driving kinematics, the

x-axis typically points forwards, y to the left (seen from the

drivers perspective), and z upwards. The subsequent rotations

over each angle are based intrinsically on the newly created

coordinate system of the object by the previous rotation,

such that the rotation sequence matters, see Fig. 3. The most

common sequence is z − y′ − x′′ [21], i.e., the yaw rotation

is applied first, followed by the pitch rotation, and then the

roll rotation. The transformations due to these angles are

calculated using the Euler transformation matrices, where the

rotation angles are defined as counter-clockwise positive:

Rx(ϕ) =





1 0 0
0 cosϕ − sinϕ
0 sinϕ cosϕ



, Ry(θ) =





cos θ 0 sin θ
0 1 0

− sin θ 0 cos θ



,

(1)

and Rz(ψ) =





cosψ − sinψ 0
sinψ cosψ 0
0 0 1



. (2)

A clockwise system would result in switched signs of the

sin-terms. Commands to the motion system are generally

defined in the inertial reference system SIS, or relative to its

predecessor. To calculate the specific forces (including the

gravity) on the cabin in its body-fixed system, one has to

rotate the accelerations over the angles ψ, θ, and ϕ:




fx
fy
fz





B

M

= (Rx(ϕ)Ry(θ)Rz(ψ))
⊤









ax
ay
az





hex

+





0
0
g









SIS

. (3)

Note that, in order to express the specific forces in terms of

the motion in the inertial system, the inverse of the rotation

sequence must be taken. This equals its transpose, because

the rotational matrices are orthogonal (i.e., R
−1 = R

⊤).

Because of the rotations, the specific forces in the body

system of the simulator depend on the simulator orientation.

This shows how sustained specific forces can be generated:

rotations over the angles ϕ and θ induce sustained lateral or

longitudinal specific force, respectively, due to the gravity

component (“tilt-coordination”, see [22]).

1001

Authorized licensed use limited to: TU Delft Library. Downloaded on January 27,2025 at 07:39:44 UTC from IEEE Xplore.  Restrictions apply. 



CRP

MRP

SIS

TIS

rMC

Tripod

Hexapod

x
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z
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x
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S
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S
C

z
S
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(a) The Ruby Space. Tripod actuators are not displayed.

CRP

MRP

SIS

Yaw-drive

Hexapod

X-drive

Y-drive

x
SIS

z
SIS

rMC

x
S
M

z
S
M

x
S
C

z
S
C

(b) The Sapphire Space.

Fig. 2. Side views of the considered motion systems, showing the relevant reference points and coordinate systems.

x0

y0

z0

x′

y′

ψ

(a) Rotation 1:
ψ around z.

x0

y0

z0

x′

y′x′′

z′′

θ

(b) Rotation 2:
θ around y′.

x0

y0

z0

x′

y′x′′

z′′

y′′′
z′′′

ϕ

(c) Rotation 3:
ϕ around x′′.

Fig. 3. Three consecutive rotations using the order z−y′−x′′ (ψ−θ−ψ).

For the rotational rates, a conversion from the Euler to

body rates is necessary. Due to the importance of the rotation

order, the body rates depend on any previously made rotation.

The roll rate does not require a transformation, as it is the

last rotation applied. The pitch rate is next in the sequence

and must be transformed over the roll angle. Finally, the yaw

rate must be transformed over the roll and pitch angles:





ωx
ωy
ωz





B

M

=





ϕ̇
0
0



+R
⊤

x (ϕ)





0

θ̇
0



+ (Rx(ϕ)Ry(θ))
⊤





0
0

ψ̇





=





1 0 − cosϕ sin θ
0 cosϕ sinϕ
0 − sinϕ cosϕ cos θ









ϕ̇

θ̇

ψ̇



 .

(4)

The resulting rotational rate vector ωB contains the rotational

rates of the cabin, i.e., the body rates as a function of the

Euler rates. (4) furthermore shows that only for small angles

(< 5◦) the matrix can be linearized to an identity matrix,

such that the body rates approximately equal the Euler rates.

2) Nine Degrees of Freedom, yaw-drive below hexapod:

Second, a configuration is investigated with an xy-drive and a

yaw-drive at the below the hexapod. This configuration corre-

sponds to the BMW’s Ruby Space simulator, see Fig. 2a. As

mentioned, it allows for additional translation in xd and yd,

as well as additional rotation over an angle ψd. This latter,

secondary rotation thus occurs below the hexapod. As the

hexapod base moves with the tripod, the rotation sequence

of the whole system is ψd − ψ − θ − ϕ. As the two yaw

contributions are consecutive, these contributions to the total

yaw angle are additive, as they rotate around the same axis.

The contribution of the hexapod accelerations do not rotate

with the angle ψd, as they are defined in the local frame of

the tripod TIS, on which the hexapod is located. Therefore,

the total specific forces in the body frame become:

[
fx
fy
fz

]B

M

= (Rx(ϕ)Ry(θ)Rz(ψ))
⊤





[
ax
ay
az

]TIS

hex

+ . . .

+ R
⊤

z (ψd)

([
ax
ay
0

]

tri

+

[
0
0
g

])SIS


 . (5)

And similar to (4), the rotational rates are:




ωx
ωy
ωz





B

M

=





ϕ̇
0
0



+R
⊤

x (ϕ)





0

θ̇
0



+ (Rx(ϕ)Ry(θ))
⊤





0
0

ψ̇ + ψ̇d





=





1 0 − cosϕ sin θ
0 cosϕ sinϕ
0 − sinϕ cosϕ cos θ









ϕ̇

θ̇

ψ̇ + ψ̇d



 .

(6)

The resulting rotational rate vector ω contains the rotational

rates of the cabin. Note that the presence of a yaw-drive at

the bottom thus does not affect the effect of the linearization,

i.e., it is identical to (4). Thus, for small angles ϕ and θ, the

body rates might still approximate the Euler rates.

3) Nine Degrees of Freedom, yaw-drive above hexapod:

Finally, the kinematic chain is considered for the same

system, but with the yaw-drive above the hexapod (corre-

sponding to BMW’s Sapphire Space, see Fig. 2b). Again, its

rotation sequence is fixed, although the yaw-drive rotation

is here always the last in the chain, i.e., the order is

ψ−θ−ϕ−ψd. A benefit of this is that the yaw-drive rotation

can be fully used to generate yaw motion, as it is unaffected

by the rotations of the other DoF. This is opposed to the case

with the yaw-drive below, where the yaw motion is always
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entangled with the roll and pitch motion. An important

drawback, however, is that the yaw rotation contributions

of the yaw-drive and the hexapod are not additive anymore,

as these do not rotate around the same axis if ϕ and θ are

non-zero. Therefore, an additional rotation matrix Rz(ψd) is

required, such that the specific forces become:

[
fx
fy
fz

]B

M

= (Rz(ψd)Rx(ϕ)Ry(θ)Rz(ψ))
⊤ . . .

. . .





[
ax
ay
0

]

xy

+

[
ax
ay
az

]

hex

+

[
0
0
g

]



SIS

. (7)

Furthermore, the rotational rates become:





ωx
ωy
ωz





B

M

=





0
0

ψ̇d



+R
⊤

z (ψd)





ϕ̇
0
0



+ (Rz(ψd)Rx(ϕ))
⊤





0

θ̇
0





+(Rz(ψd)Rx(ϕ)Ry(θ))
⊤





0
0

ψ̇





=





0 cψd
sψd

−cϕsθ
0 −sψd

cψd
cϕ sϕ

1 0 −cψd
sϕ cϕcθ













ψ̇d
ϕ̇

θ̇

ψ̇









,

(8)

where s⋆ and c⋆ are sin(⋆) and cos(⋆), respectively.

This shows a key difference compared to (4) and (6),

because here the transformation matrix includes terms of

the yaw-drive as well. Due to the larger allowable rotations

of this device, the small angle approximation is not valid

anymore. Therefore, it cannot be assumed that the body rates

equal the Euler rates. This complicates the motion control,

as it must include the non-linear conversion matrix of (8).

D. Reference point shift

The previously derived specific force and rotational rate

definitions apply in the MRP. As the motion of the simulator

is to be calculated in the CRP, the positional offset r
B
MC

between these two points should be accounted for. When

assuming the simulator is a rigid body, the body rates do not

depend on location of the reference point (ωB = ω
B
M = ω

B
C )

[21]. The specific forces require a transformation, however.

As vector rBMC points from the MRP to the CRP:

r
I
C = r

I
M + r

I
MC = r

I
M +TIBr

B
MC , (9)

with I short for the inertial SIS frame and B for the body-

fixed frame. When taking its time derivative to obtain the

velocity:

v
I
C =

drIC
dt

=
drIM
dt

+
d(TIBr

B
MC)

dt
= ṙ

I
M + ṪIBr

B
MC +TIB ṙ

B
MC ,

(10)

Note, that TBI = (Rx(ϕ)Ry(θ)Rz(ψ))
⊤ for a hexapod,

TBI = (Rx(ϕ)Ry(θ)Rz(ψ + ψd))
⊤ for Ruby Space, and

TBI = (Rz(ψd)Rx(ϕ)Ry(θ)Rz(ψ))
⊤ for Sapphire Space,

as derived earlier. Taking the time derivative again to obtain

the acceleration and transforming to the body system:

a
B
C = TBI

(

dvIM
dt

+
d(ṪIBr

B
MC)

dt
+

d(TBI ṙ
B
MC)

dt
+TIB r̈

B
MC

)

= TBI

(

a
I
M + T̈IBr

B
MC + ṪIB ṙ

B
MC + ṪIB ṙ

B
MC +TIB r̈

B
MC

)

= a
B
M +TBIT̈IBr

B
MC + 2TBIṪIB ṙ

B
MC + a

B
MC .

(11)

The derivative of the transformation matrix TIB can be

expressed through a tensor matrix [23], [21], [24]:

S(ω) = ṪIBT
⊤

IB → ṪIB =
S(ω)

T⊤

IB

= S(ω)TIB (12)

with:

S(ω) = S(ωx) + S(ωy) + S(ωz) =

[
0 −ωz ωy
ωz 0 −ωx
−ωy ωx 0

]

.

(13)

The derivative of ṪIB can be found using the chain rule:

T̈IB =
d(S(ω)TIB)

dt
= Ṡ(ω)TIB + S(ω)ṪIB

= Ṡ(ω)TIB + S
2(ω)TIB .

(14)

Subsequently, (12) and (14) can be substituted into (11):

a
B
C = a

B
M + Ṡ(ω)rBMC +S

2(ω)rBMC +2S(ω)ṙBMC + a
B
MC ,

(15)

where Ṡ(ωC) contains the time derivatives of the elements

in S(ωC), i.e., the rotational accelerations. This expresses

the total acceleration in the CRP, which is converted to the

total specific force in the CRP by substituting a
B
M with f

B
M :

f
B
C = f

B
M
︸︷︷︸

(i)

+ Ṡ(ω)rBMC
︸ ︷︷ ︸

(ii)

+S
2(ω)rBMC
︸ ︷︷ ︸

(iii)

+2S(ω)ṙBMC
︸ ︷︷ ︸

(iv)

+a
B
MC
︸ ︷︷ ︸

(v)

.

(16)

This is the main kinematic relation for rigid bodies. It

consists of (i) the acceleration of the MRP in the body

system, (ii) the tangential acceleration, (iii) the centripetal

acceleration, (iv) the Coriolis acceleration, and (v) the rel-

ative acceleration between the CRP and MRP [25]. The

relation itself does not depend on the kinematic configuration

of the motion system. However, the centripetal, tangential,

and Coriolis acceleration depend on the rotational rates ω
B
C

of the rigid body, corresponding to (4), (6), or (8), and

are thus implicitly configuration-specific. The element f
B
M

contain the specific forces in the MRP in the body frame,

which corresponds to (3), (5), or (7).

III. SIMULATIONS

A. Testing Procedure

A testing procedure was used to compare the specific

forces between the MRP and the CRP, based on (16):

∆f
B
CM = f

B
C − f

B
M

= Ṡ(ω)rBMC + S
2(ω)rBMC + 2S(ω)ṙBMC + a

B
MC .

(17)

The following motion configurations are tested, based on the

three system introduced in Section II-B:
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Fig. 4. Forcing functions of the nine Degree of Freedom (DoF)s, simulated for ω = 0.5 rad/s.

C1: An xy-drive and a hexapod.

C2: An xy-drive, a yaw-drive (ψd = ±20◦), and a hexapod.

C3: An xy-drive, a yaw-drive (ψd = ±180◦), and a

hexapod.

C4: An xy-drive, a hexapod, and a yaw-drive (ψd = ±20◦).

C5: An xy-drive, a hexapod, and a yaw-drive (ψd =
±180◦).

Comparing conditions C1, C2, and C4 allows for investigat-

ing the role of the presence and location of the yaw-drive for

an excitation angle similar to that of Ruby Space. C3 and

C5 show the extent to which additional yaw-drive excitation

affects the difference between MRP and CRP.

Note that the size of the xy-drive and the translational

channels of the hexapod are in fact irrelevant: as we look

at the difference between MRP and CRP, both scale up

equivalently in terms of acceleration if the size of the

xy-drive changes. Thus, this has no effect on any further

analyses on differences between the points.

A sinusoidal input was applied to the position signal of

the various DoF of the considered motion configurations of

the shape:

p(t) = A sin (ω̃t+ φ), (18)

with its derivative as the velocity signal:

v(t) = ω̃A cos (ω̃t+ φ), (19)

and the double derivative as the acceleration signal:

a(t) = −ω̃2A sin (ω̃t+ φ), (20)

with the frequency ω̃ in rad/s, and the phase φ in rad.

The amplitudes A were chosen to fit the workspace of the

simulator in each DoF, i.e., the positional workspace limits

of Table I. The amplitudes of the rotational channels were set

smaller (±10◦, a typical angle used for tilt-coordination [22])

than the rotational limits of the motion systems (See Table I),

as hexapods cannot fully rotate in all three rotational DoFs at

the same time [25] due to their coupled DoFs. To represent

representative motion of a vehicle, such as a 90◦ corner

taken in a 3 s time span [20], the frequency was set at

ω̃ = π·90◦

180·3
= 0.5 rad/s in all motion channels.

To avoid situations where contributions of the sinusoids

may (partially) cancel each other out, the phases were set

different in each DoF: φ = 2π ·[ 1
9
, 2

9
, 3

9
, 4

9
, 5

9
, 6

9
, 7

9
, 8

9
, 9

9
]

for [xh, yh, zh, φh, θh, ψh, xd, yd, ψd]. The resulting

sinusoids were simulated for 40 s, as shown in Figs. 4a-4i.

B. Results

Figs. 5a-5c show the difference in simulated specific forces

for fx, fy , and fz , respectively, between the MRP and the

CRP. The rotational rates ω are not shown, as for a rigid

body these are unaffected by a reference point shift, see

Section II-D, and thus the difference between the MRP and

the CRP is zero. The positive and negative perceptual thresh-

old are plotted as dashed lines, corresponding to values of

±0.05m/s2 [26]. Differences above these thresholds can be

expected to lead to perceivable differences between the MRP

and the CRP. For conditions C1, C2, and C4, differences

between the reference points are present, but only sometimes

marginally exceed the perceptual threshold. For conditions

C3 and C5, corresponding to the large yaw-drive excursions

of ±180◦, the difference becomes noticeable and reaches

its largest difference in fy (−1.5m/s2). Some care should

be taken with the interpretation, as a higher amplitude of

the sinusoidal forcing functions between the conditions also

implies that the Euler angle derivatives are different between

the conditions. This subsequently results in higher rotational

rates. The forcing functions applied to the different motion

systems are therefore not the same. However, this shows a

inherent property of larger yaw-drives, as these allow for,

and practically will have larger rotational rates.

To generalize the results of the yaw-drive excitation, the

results are generated for the complete range of yaw-drive

amplitude Aψd
, corresponding to the maximum excitation

of the yaw-drive, between 0◦ and ±180◦. To quantify the

overall difference between the MRP and the CRP specific

force signals in x, y, and z direction, the norm [27] is used:

∆fn(t) =
√

(∆fBxCM )2 + (∆fByCM )2 + (∆fBzCM )2. (21)

For each yaw-drive angle, the maximum absolute values

of the norm values (max[|∆fn(t)|]) are calculated, i.e., the
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Fig. 5. The difference between the specific forces simulated in the MRP (r = [0, 0, 0]T ) and the CRP (r = [−0.185, 0.40, 1.4]T ), for the five
considered motion system configurations with ω = 0.5 rad/s. The colors correspond to the conditions defined in Fig. 4, the black dashed lines are the
perceptual threshold of ±0.05m/s2 from [26].

largest occurring mismatch, see Fig. 6. These are plotted as

function of the yaw-drive amplitude Aψd
for the configu-

rations with the yaw-drive below (grey) and above (black).

The perceptual threshold is again plotted as a dashed line, of

which also the norm of the three directions is calculated, such

that the line corresponds to 0.087m/s2. The figure shows

C1: xy, hex

C2: xy, ψd±20◦, hex
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C3: xy, ψd±180◦, hex
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Fig. 6. Maximum norm of the difference in specific force between the
Motion Reference Point (MRP) and the Cueing Reference Point (CRP), as
a function of yaw-drive forcing function amplitude.

that for C1 (without a yaw-drive), the difference between the

MRP and the CRP can already be noticed, as it lies above

the perceptual threshold at 0.09m/s2. When a yaw-drive is

added and excites to ±20◦, corresponding to the conditions

C2 and C4, the differences are still limited at 0.11m/s2 and

0.12m/s2. At larger yaw-drive angles, the norm difference

increases more than linearly. At the conditions C3 and C5,

with a ±180◦ yaw-drive, the norm differences are 1.05m/s2

and 1.53m/s2. This will lead to erroneous accelerations

perceived in the simulator.

IV. DISCUSSION

The simulation results show that the configurations with

the large excitation yaw-drive (±180◦), i.e., C3 and C5,

lead to large differences in the specific forces between the

MRP and CRP. For simulators with extended yaw-drive

capabilities, these results emphasize the crucial importance

of utilizing the correct reference point in an MCA. Incorrect

reference point selection will directly lead to significant

spurious specific forces, which can affect driving simula-

tor experiments and increase the occurrence of simulator

sickness. For smaller yaw-drive angles (±20◦, C2 and C4)

or no yaw-drive at all (C1) the differences are smaller

(0.11m/s2, 0.12m/s2, and 0.09m/s2, respectively), but still

slightly above the perception threshold (0.087m/s2). This

shows that even for such smaller systems, the difference

cannot be ignored in the current simulator configurations.

Although condition C5, with the ±180◦ yaw-drive above

leads to smaller differences than C3, both show large devi-

ations between the MRP and the CRP. A yaw-drive at the

bottom shows an another, important benefit: for small roll

and pitch angles (5 − 10◦ [21]) of the hexapod, see (6),

the system can be linearized. This reduces the complexity

compared to the yaw-drive on top, as here the additional

contribution of the yaw-drive (see (8)) implies that the same

linearization procedure cannot be made. This could be of

great impact on Model-Predictive Control (MPC) MCAs

[28], as the linearization can lead to a simplified MCA. For

example, in an MPC MCA, the non-linear structure of (16)

could be avoided, resulting in an easier control problem. A

benefit of a yaw-drive at the top is that its contribution to

the yaw rate does not require a transformation between ψd
and ωz . Which configuration is superior might thus depend

on the properties of the MCA under consideration.

As a note on limitations, we stress that the presented

results on the deviations between the MRP and the CRP are

a function of several variables. First, note that the percep-

tual thresholds used in this paper by [26] were measured

unidirectionally, which are likely higher when measured

under motion in all directions. In practice the deviation

for the smaller systems (C1, C2 and C4) might therefore

be of no practical meaning. The specific forces are also

directly a function of the distance between the MRP and the

CRP (rBMC), see (16). Most simulator systems and mock-up

combinations at BMW (See [12]) are similar in this regard,

such that the values of rBMC in this paper are representative.

If a simulator is considered that is smaller than the one

presented in this paper, the degree of erroneous specific

forces also decreases. Therefore, we recommend the results

and interpretations presented in this paper to be used as

guidelines, rather than a one-fits-all answer.
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V. CONCLUSION

This paper presented the derivation of the kinematic rela-

tions (specific forces and rotational rates) of three types of

driving simulators as currently in use at BMW: a hexapod,

a hexapod and an xy-drive with a yaw-drive below, and the

same system, but with the yaw-drive on top. The results show

that increasing the excitation of a yaw-drive increases the

difference between the Motion Reference Point (MRP) (the

point where the motion is applied) and the Cueing Reference

Point (CRP) (where the driver perceives the motion). For a

hexapod, with or without a ±20◦ yaw-drive, this difference is

close to the perceptual threshold, such that the motion control

of the simulator might be simplified by not correcting for

the difference between MRP and CRP. For systems with a

±180◦ yaw-drive, such large differences between the motion

in the MRP and the CRP are present, that erroneous specific

forces in the order of 1m/s2 are present. Here, the motion

control should account for the difference in MRP and CRP,

complicating the motion control. This finding is irrespective

of whether the yaw-drive on top or below the hexapod,

although the difference between MRP and CRP are larger

when the yaw-drive is below the hexapod. However, when

the yaw-drive is on top, the resulting non-linear relations

to calculate the body rates greatly increase kinematic com-

plexity, which is a crucial factor for state-of-the-art MPC-

based MCAs. With increasing kinematic complexity of state-

of-the-art driving simulators, this increased understanding

of the kinematic relations and the effects of the MCA

reference point position is crucial knowledge for engineers

and scientists testing and developing intelligent vehicles.
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