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Even though the automotive industry is heading towards a more objective approach to vehicle 

testing, subjective evaluation is still an important part of the development process. Subjective 

evaluation in physical testing has environmental implications and is a function of ambient 

settings. A more repeatable, faster, safer, and more cost-effective tool for subjective evaluation is 

to use moving base driving simulators (MBDS). The increasing usage of MBDS in the automotive 

industry is due to an increasing demand of rapid development and usage of virtual prototyping. 

The motion cueing algorithms (MCA) maps the movement of the vehicle into the limited space 

of the simulator. The MBDS could potentially enable a ”human in the loop” in the virtual 

development process, enabling early phase subjective testing. This research aims to develop an 

objective framework for the validation of MCAs to close the loop on virtual development. The 

state-of-the-art MCAs are commonly developed and validated subjectively. This causes a 

tendency to false ques, limited assurance of MCA fidelity and demands physical vehicles for 

validation, which hinders early phase development. This paper presents a linear driving simulator 

model based on existing linear models for planar vehicle dynamics, classic motion cueing and 

human vestibular response. The model can capture important characteristics of the specific forces 

and rotations that are fed to the driver, through the motion cueing algorithms and offering a 

method to objectively analyse and potentially tune the motion cueing. The method is applied to 

the choice of reference point of acceleration in the vehicle to feed the motion cueing, and results 

indicate that a reference point at the driver’s head has a clear advantage compared to a reference 

point in the chassis over the full frequency range. 
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1. Introduction 

The automotive industry is heading towards an objective virtual approach for vehicle development, 

however, subjective evaluation is still a key aspect [1]. Vehicle manufacturers are targeting rapid 

development, but there is a conflict between subjective evaluation and rapid development due to the 

necessity to develop resource demanding and costly physical prototypes. To enable rapid 

development in the vehicle development phase, moving base driving simulators (MBDS) could 

enable subjective evaluation within the virtual development loop. The advantages for resource 

efficiency are two-fold. First, rapid development would be possible and hence, more resource 

efficient vehicles could be developed in a higher rate and disruptive vehicle concepts could be tested 
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in early phase development. Second, resource demanding physical testing could potentially be 

minimised, avoiding the need to waste resources on costly prototypes and physical testing. 

MBDS uses motion cueing algorithms (MCA) to map the inertial forces of the vehicle into the 

motion space of the simulator, which is small compared to the full motion space of a vehicle. The 

MCAs are commonly developed subjectivity and back-to-back tested with an existing vehicle to 

verify the MCA. The subjective tuning of the MCA causes a need for physical vehicles for validation 

which hinders early phase development. This is resource inefficient and development of MCA using 

subjective feedback is limiting the assurance of MCA fidelity. Therefore, objective methods to 

evaluate MCAs are necessary. An objective framework for MCA evaluation could potentially help 

vehicle manufacturers to validate the MCA before a physical prototype is built, decreasing the cost, 

time, and effort.  

The usage of MBDS has grown in the automotive industry, mainly due to an increasing demand 

of rapid development coupled to an increasing usage of virtual prototyping and its effectiveness in 

development of advanced driver-assistance systems (ADAS) and medical studies [1]. Motion cueing 

tuning has been investigated in several studies, e.g. [2], [3], [4], targeting for instance every day 

driving within the linear region, as well as urban driving and performance driving. The tuning is 

commonly done based on heuristics and subjective evaluation, rather than objective measures. Rather 

than studying the full system, commonly the tuning done is considering one direction of motion (e.g., 

lateral acceleration) however the coupling in between states is often disregarded.  

Model predictive control (MPC) has been applied to MBDS, where the optimisation problem is 

setup trying to exploit the full motion space while limiting the motion perception tracking error, 

minimising the error in all directions [5] [6]. Since the states in planar dynamics of a vehicle are 

coupled, the relationship between for example yaw rate and lateral acceleration is directly dependent 

on how the vehicle moves. The coupled states pose a challenge. What vehicle motion should be fed 

to the driver and/or passenger? How should for example lateral acceleration be scaled and filtered 

compared to yaw rate? To shed some light of how the states should be scaled to each other versus the 

utilisation of motion space, and to the general understanding of the human response to MCA tuning, 

the need for a simplified simulator model is apparent. The model needs to capture the coupling in the 

planar dynamics and show how the human perception of motion changes due to different motion 

cueing algorithms.  

2. Motion cueing modelling for vehicle testing 

2.1 Linear driving simulator model 

Several models of driving simulators already exist, e.g., M. Bruschetta et al. in [5] and [7] uses models 

of a steward platform together with motion cueing to perform optimal control of the motion cueing. 

The optimal control models use models of the vestibular system to minimise the difference between 

a driver situated in the vehicle itself and the driver in the simulator. While these models are useful for 

optimisation, they are advanced and complicated to grasp, and do not include the vehicle. To get a 

fundamental understanding of how the driver perceives the vehicle dynamics of a vehicle, compared 

to a driver situated in a simulator with motions filtered through a classic motion cueing, a linear model 

of a driving simulator was developed, and the modelling is described in this section. 

2.1.1 Lateral dynamics 

For the lateral dynamics, the linear one-track vehicle model was chosen to keep model complexity 

low. The one-track model in this case has two degrees of freedom, yaw rate �̇� and lateral velocity vy. 

The model can be written as a state-space with the form in eq. (1), or more compactly as in eq. (2): 
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(1) 

 (2) 

 

where C12,C34 is the cornering stiffness for front and rear axle, 𝐽𝑧 is the vehicle inertia around the 

vertical axis, 𝑚 is the vehicle mass and 𝑓, 𝑏 defines the front and rear axle distance from the centre 

of gravity. From this, lateral acceleration 𝑎𝑦 could be written as a function of the states as in eq. (3) 

and from the elements of the state-space as in eq. (4):  

 

 (3) 

 (4) 

2.1.2 Roll model  

As the classic motion cueing algorithms uses tilting of the simulator cabin partly to feedback body 

roll θroll and partly to create sustained lateral acceleration 𝑎𝑦,𝑠𝑖𝑚, the roll degree of freedom should 

be included in the vehicle model as the roll angle will add to this tilt. The roll angle will be included 

in the motion cueing with a simple gain filtering Kroll. A roll-pendulum model is used: 

 
 

(5) 

where 𝑚 is the sprung mass, 𝐽𝑥 is the roll inertia, ℎ𝑟𝑜𝑙𝑙 is the roll moment arm, 𝐾𝑟𝑜𝑙𝑙 the roll stiffness 

and 𝐶𝑟𝑜𝑙𝑙 is the roll damping. The tilt coordination in the classical algorithm is done using a first or 

second order low-pass filter. A second order low pass filter for the tilt angle 𝜃𝑡𝑖𝑙𝑡 is used in this case 

and can be formulated as: 

 
 

(6) 

where Ktilt is the filter gain, ωtilt is the filter frequency and ζ is the damping coefficient of the filter.  

2.1.3 Onset motion cueing model 

In the classic MCA, the onset feedback is realised through translating the simulator, this is done for 

lateral (sway) and longitudinal (surge) acceleration. To create the onset-signal the input signal is 

scaled, and a first order band pass filter is used in combination with a second order high pass filter. 

The scaling is done to ensure that the motion system does not reach an end stop during operation [9]. 

The first order band pass filter is used to filter out the low frequency components of the signal and 

mainly output the onset part of the signal. Further, the filter low passes signals above the bandwidth 

of the simulator rig. The second order band pass filter is used in order to create a ”wash-out effect”. 

The practical effect of this filter is that the second order filter gives a signal that returns the motion 

platform to its neutral position. The signal is then integrated from an acceleration to a position and a 

soft limiter is applied to avoid hitting end stops [4]. For the linear model, the onset filter´s soft limiter 

is linearised as a unity gain and is therefore implicit in the equations. The first order band pass filter 

transfer functions are the following: 
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(7) 

 

where Ginput is the gain of the onset filter in either ψ̇ or ay  and f
c,hp

 and f
c,lp

 are high respectively 

low pass cut off frequencies, 𝑈 is the input of yaw rate ψ̇ or acceleration from the reference point ay,j 

. To include the filters in the model, they need to be written on state-space form. Rewriting the filter 

in observable canonical form is necessary due to derivative in the input and renders the following: 

 

 

 

(8) 

This will form the input to the second order filter, giving the washout part: 

 

 

(9) 

where q
4

 is the output state of the motion cueing, i.e., motion platform �̇�mc or amc. The coefficients 

a1, a2 are filter parameters for damping and cut-off frequency, respectively, and 𝐾ℎ𝑝 defines the high 

pass cut off frequency. The filter equations can be rewritten to suit the state-space formulation in 

observable canonical form as in eq. (6). 

2.1.4 Human model 

The vestibular sensory system of the human body consists of the otolithic organs, to sense the specific 

forces acting on the organ, and semi-circular channels, to sense rotation. The otolithic organs can be 

modelled as a second order system, with the transfer function from the specific force 𝑓 to the 

perceived specific force 𝑓 ̂as presented in eq. (10) [8]. The semi-circular channel transfer function 

from a rotation 𝜔 to a perceived rotation 𝜔 is presented in eq. (11) [8]. The organs can sense specific 

forces and rotation in all directions, while in this linear model, only the rotation in yaw and the specific 

forces in lateral directions are considered.  

 

 
(10) 

 
(11) 

where τa, τb, τL, τ1 and τ2  are time constants and 𝐾𝑜𝑡𝑜, 𝐾𝐶 are the model gains. 
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The lateral specific force f
y
 in the linear model can be defined as: 

where 𝜃𝑐𝑎𝑏𝑖𝑛 is the tilt angle of the cabin and 𝐺𝑟𝑜𝑙𝑙 is the scale factor for the cabin roll angle. The 

rotational velocity input in yaw is simply ωz=�̇�MC. The perceived inertial forces could be combined 

with visual inputs to get the full frequency spectrum of perceived movement but is not included at 

this stage.  

2.1.5 Complete state space 

The full vehicle-driving simulator-human model could be summed up in a state-space model: 

 
     (13) 

which is a convenient formulation as it only depends on the steering input δ in the one-track model. 

This formulation enables the usage of standard system dynamics analysis methods. It is also possible 

to omit the motion cueing parts of the state-space presented in eq. (13) and define a vehicle-human 

system with the perceived inertial forces and motions stemming directly from the one-track model. 

In this article it is considered as the reference responses for the simulated vehicle: 

 
     (14) 

Using this, it is possible to compare the vestibular and motion perception response of the human in 

the simulator compared to the reference, a human situated in the simulated vehicle. To understand 

how the transfer functions between the vestibular response for acceleration 𝑎ŷ,sim and rotation   ψ̂̇
sim

 

are mapped through the frequency range compared to the vestibular responses 𝑎ŷ,ref and ψ̂̇
ref

 of the 

reference vehicles, the following transfer functions are defined, which describes the relationship 

between the vehicle input, δ, and the vestibular response for rotation and specific force. To get the 

transfer function between two of the states the transfer function between the input δ and the vestibular 

response is given as an example: 

 

 

     (15) 

and from this the relationship between the vestibular response in the frequency domain is: 

 

     (16) 

which is the transfer function between the perceived yaw state and the perceived lateral acceleration 

state. This transfer function is useful to define as the two states are coupled through the one-track 

model as described in eq. (3), in steady-state the ratio between them will be simply coupled through 

 

     (12) 
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the longitudinal velocity. During transient conditions, the relationship between them will be coupled 

through the lateral velocity acceleration vẏ and the longitudinal velocity vx.  

2.1.6 Motion cueing reference point 

The motion cueing reference point defined in this article, is the point on the vehicle that is used as 

input for the motion cueing. Due to the roll, yaw and pitch of a vehicle body, the global acceleration 

of the points on the body is not uniform. Further, translation and rotation are not necessarily filtered 

with the same filter in the MCA. This difference in filtering distorts the coupling between lateral 

acceleration and rotation in the vehicle compared to the coupling in the simulator. To understand how 

this affects the driver experience, two settings of acceleration reference point, point A (at chassis roll 

axis) and point B (at driver´s head) are evaluated, and illustrated in Figure 1. These two points are 

considered coupled through the roll acceleration θ̈ as ay,B=ay,A+hrc,dθr̈oll. The roll rotation in the 

MCA is set around each respective point in the cabin.  

 

  
Figure 1: Roll pendulum model and vehicle model indicating the two acceleration reference points.  

2.1.7 Motion cueing settings 

The linear model was applied to the evaluation of two different settings of reference points for the 

lateral cueing. The first reference point was the roll axis, ref. A, the second was the drivers head 

acceleration, ref. B. To evaluate the two different reference points for different motion cueing 

settings, both the reference points were evaluated with added roll and tilt feedback and the tuning 

parameters are presented in Table 1 together with the onset filter gains. The cut-off frequency 𝑓𝑐,ℎ𝑝 

and 𝑓𝑐,𝑙𝑝 for both yaw and lateral acceleration were 0.55 Hz for high pass and 30 Hz for low pass 

respectively. 

 

Table 1: Motion cuing settings for onset filters, roll feedback and tilt coordination. 

Settings Ginput,ψ Ginput,ay
 Groll Ktilt 

S1 1 1 0 0 

S2 1 1 0.8 0 

S3 1 1 0.8 0.3 

 

3. Results 

To show the effect of different motion cueing settings, the transfer function between vehicle lateral 

acceleration ay to perceived acceleration �̂�𝑦 is plotted in Figure 2 in a Bode plot. Ref. A shows 

significant discrepancies in the magnitude for frequencies above 1.0 Hz. For setting S1 with no tilt or 

roll feedback, there is no isolation of lateral acceleration above the roll mode (1.5-2 Hz). For S2 and 
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S3 the magnitude is close around the roll mode however, above this the magnitude gain is higher than 

the reference. Below 0.1 Hz, the tilting effect from the roll feedback and the tilt coordination is clear, 

and the effect for both the ref. point A and ref. point B is similar. Further, it shows that the tilt effect 

from the roll feedback comes with significant phase delay, due to damping of the roll. 

For ref. B, it shows that for all settings, the magnitude of the transfer function is close to the 

reference from 1 Hz up to 10 Hz. For frequencies above 10 Hz the magnitude of the feedback is 

decreasing with frequency, and the phase delay is increasing. This is due to the band pass filter of the 

motion cueing onset filter. As both the added acceleration due to roll and the chassis acceleration are 

filtered through the onset filter, the filter has only minor changes in magnitude above 1.0 Hz due to 

the tilt effect of the roll and coordinated tilt. For frequencies below 1 Hz, the behaviour of the transfer 

function is very similar to ref. A.  

 
(a)  (b)   

 
Figure 2: Bode plot of vehicle lateral acceleration ay to perceived lateral acceleration aŷ for reference and the 

settings S1-S3 for reference point A (a) and reference point B (b).  

 

The transfer function from perceived ψ̂̇ to perceived aŷ is presented in Figure 3. The behaviour of the 

transfer function above 1.0 Hz indicates that ref. B has significantly better performance than ref. A 

compared to the reference vehicle function. This is true for all motion cueing settings. 

 
(a) (b) 

 

Figure 3: Bode plot of perceived �̂̇� to perceived lateral acceleration aŷ  for reference and the simulator 

settings S1-S3 for reference point A (a) and reference point B (b). 

 

For frequencies below 1 Hz, the behaviour of the transfer function for both ref. A and ref. B is similar. 

S2 and S3 indicates that the ratio between aŷ and ψ̂̇
sim

 goes up significantly. This is reasonable as the 

roll and tilt coordination gives frequency content down to 0 Hz for aŷ,  while the onset/washout filter 

for ψ̂̇
sim

 causes the low frequency parts to be attenuated. Hence, the low frequency ratio in the transfer 

function grows significantly as the amplitude for ψ̂̇
sim

 becomes smaller when the frequency decreases.  
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4. Discussion and conclusion 

A linear model of the combination of vehicle, driver and driving simulator model has been developed 

with the classic motion cueing algorithm. The driving simulator model feedback yaw onset, lateral 

acceleration onset, roll and coordinated tilt feedback. The model enables estimation of the transfer 

functions between steering input, simulator states and human vestibular responses, thereby offering 

a method on estimating human motion perception response based on both simulator and vehicle 

parametrisation. The model is applied to the evaluation of acceleration reference points A (reference 

point in the chassis and B, reference point at the driver´s head position).  

The linear model indicates that a reference point B at the driver’s head is advantageous in terms 

of vehicle input to perceived acceleration output and perceived yaw to perceived acceleration. It 

shows advantages in both phase lag and magnitude for frequencies close and above the vehicle roll 

natural frequency (1.5-2.0 Hz) for both metrics. For frequencies below the roll eigenfrequency, no 

significant differences are evident between the reference point B compared to A. The performance of 

the two settings is similar in this frequency range and indicates a mismatch in vestibular response 

between perceived yaw rate and perceived lateral acceleration due to the steady state feedback of tilt 

coordination and roll, compared to the high-pass filtered yaw feedback. 

The linear model is proposed to be used as a method to evaluate motion cueing settings objectively 

which is a key aspect to enable objective motion cueing for virtual prototypes in early stages, enabling 

a more resource efficient development and a faster development cycle. The results show that the 

model can be used to select the reference point of the motion cueing objectively based on the 

performance over the frequency range of interest, taking in consideration vehicle parameters and 

human perception of motion.      

The presented metrics is a subset of the states that could be evaluated from the linear model. 

Additional metrics, such as perceived slip angle, could be used to evaluate the motion cueing. Further, 

it could be extended with longitudinal dynamics, and vestibular-visual motion perception models.  
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