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The introduction of autonomous vehicles for passenger transportation is expected to generate different 

customer expectations regarding vehicle refinement. The customer experience, both outside and inside the 

compartment, will be engineered for the riders, not drivers. As an outcome, considerations to vehicle 

refinement attributes such as noise, vibration and harshness (NVH) need to be done with a different 

perspective compared to vehicles with conventional ownership and operation. Road noise together with 

system actuated noise will require increased focus and resources during the autonomous vehicle 

development. Structure-borne road noise is a challenging and complex phenomenon featuring multiple 

coherent sources as well as multiple transfer paths and is controlled by wheel suspension and body concepts, 

which involve other vehicle attributes like vehicle dynamics, safety, mass and cost. Critical activities 

focusing on structure borne road noise development, which may be consistent for any attribute 

development, are ideally centred around benchmarking with customer clinics, requirement development 

including target allocation to subsystem and system elements, concept evaluation and selection, vehicle 

system modelling, simulation and analysis, prototype testing including verification and validation, possibly 

resulting in root causing and issue mitigation and resolution. This paper reviews the development of a 

vehicle system model including an advanced tyre-wheel model featuring centrifugal, gyroscopic, fluid-

structure coupling and preloads with excitation derivation by means of spindle loads. Additionally, vehicle 

system target allocation to tyre-wheel system by dynamic substructuring is discussed. Close collaboration 

across stakeholder teams enabled a high level of correlation between simulation and experimental test 

results from 20 to 400 Hz. 

1 Introduction 

With the absence of the internal combustion engine as the dominant noise source for interior noise for low and medium 

speeds, road induced noise in electric vehicles has become more prominent requiring high focus in vehicle noise, vibration 

and harshness (NVH) refinement [1, 2, 3].  In the case of an autonomous vehicle (AV) it is expected that road induced 

noise together with system actuated noise will require a high level of development effort as the expected use will mainly 

be in urban and suburban environments with operational speeds below 80 km/h. Considering customer’s expectations on 

autonomous vehicles it is expected that safety as well as perceived safety cannot be compromised but enhanced by 

ensuring a secure ride feeling by means of the refinement of dynamic customer-facing attributes such as driving dynamics 

and NVH. 

mailto:per-olof.sturesson@cumscientia.se


   

 2 

When developing an autonomous vehicle from ground up there are many engineering challenges such as concept novelty 

necessitating high innovation rate, vehicle program timing, test object availability and limited test facility capability. An 

effective approach is to put efforts into using virtual development methodology and thereby reduce the needs for test 

properties and facilities. For this purpose, a vehicle system model was developed, see Figure 1. The NVH sub attribute  

 

Figure 1: Zoox vehicle system model (left) and measured and predicted road noise at 60 km/h (right) [2]. 

road induced noise is usually split by operational conditions or excitations as well as stationary or transient phenomena. 

The stationary phenomena, or from a statistical description, weakly stationary meaning that the process is described by 

the statistical second order moment functions like covariance functions, may be split into coarse and smooth road noise. 

The excitation and wave propagation mechanisms for the two cases differ significantly as well as the vehicle noise control 

strategies. The interaction between tyre and road surface is the main source excitation in both cases [4]. In case of coarse 

road noise, the road surface texture, i.e. the topography of the road surface, typically bitumen or damaged concrete, 

generates a low frequency broadband contact dynamics between the tyre contact patch and the road surface. The wave 

propagation is mainly structure-borne, propagation paths are complex involving tyre and rim structure with coupling to 

the tyre cavity, the wheel corner, wheel suspension and finally the body structure and passenger compartment where 

tactile vibrations and noise are perceived by the occupants [4]. In case of smooth road noise, the excitation mechanisms 

are multiple, both aero-acoustic and high frequency vibration effects induce the noise [4]. The wave propagation is mainly 

airborne. On smooth roads harmonics due tyre non-uniformity may also be perceived as tactile vibrations or noise due to 

the manufacturing tolerances originating from the moulding process. 

 

One of the most complex and difficult tasks within vehicle NVH development and refinement is the analysis and 

prediction of structure-borne road noise. The characteristics of structure-borne road noise features non-trivial multi-source 

excitation at the tyre road interface. This excitation is statistically inherently random, resulting in multiple coherent 

sources where each source time history reveals variation in both amplitude and phase between the different contributions 

resulting in a random description of the excitation [2, 5]. In the frequency domain, the operating interior noise at any 

occupant ear position, pi, may in general be depicted as a complex sum of the airborne and structure-borne partial 

contributions using different analysis and synthesis methods such as principal component analysis in combination with 

transfer path analysis. These contributions may be decomposed into source excitation and system sensitivities, viz. force, 

vibro-acoustic transfer function, volume velocity  and acoustic transfer functions [5, 6]:   
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In classical transfer path analysis and synthesis, the force dynamics are a product of the assembly, making it difficult to 

predict modifications [7]. Application of component-based transfer path analysis, which relies on dynamic substructuring 

theory, offers the ability to analyse modifications, as excitations and mobilities are treated as properties of each component 

in an assembly. This methodology is not only applicable for root-cause analysis in physical systems, but is also attractive 

for conceptual assessments before or early in vehicle development programs, when vehicle topological information may 

be incomplete and data uncertainty is high. The data set used needs to be relevant for the suspension concepts to be 

analysed, as well as their kinematics and possible tuning range [8]. The potential for balanced and sufficient NVH and 

vehicle dynamics refinement comprises kinematic decoupling of the chassis concept to different inputs such as coarse 

road, impact, cornering, braking, etc. [8]. The main excitation directions at the tyre–road interface may be altered due to 

the suspension concept and kinematics and give rise to forces at the body-to-suspension interface in other directions [8]. 
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This emphasizes that knowledge outside the NVH domain is key to target fulfilment, as well as cross-functional 

collaboration with, e.g., vehicle dynamics and chassis design teams as well as suppliers, rather than only relying on 

deriving robust system targets and allocating them to subsystems and system elements.  

The tyre–wheel subsystem is a key element in the chain of road-induced noise. In addition to road-induced noise, many 

other vehicle attributes are affected by the tyre–wheel system. These attributes include energy consumption due to rolling 

resistance, handling and steering, braking, ride, and others [8]. In virtual road-noise analysis using a vehicle system model, 

the incorporation of advanced tyre models that capture the relevant physics is fundamental [2, 3, 9]. Effects such as tyre 

and rim flexibility, tyre cavity behaviour, fluid–structure coupling, preload, and wheel rotational speed introducing 

centrifugal and gyroscopic forces may then be included. Excitation may be applied by enforced motion at the tyre contact 

patch [9] or by spindle forces [2, 10]. In Figure 1, the predicted interior A-weighted sound pressure level using the vehicle 

system model is shown together with measured data. The system model allows the development and assessment of 

structure-borne noise during the development phase when design data are available and sufficiently mature. During the 

concept phase, the challenge is to perform conceptual assessments with respect to road noise using modelling approaches 

other than a detailed finite-element-based system model. In this paper, the theory of dynamic substructuring is discussed 

and applied to a simplified single wheel corner with excitation. Additionally, the decomposition of coarse road noise with 

respect to structure-borne contributions and target allocation to system elements is discussed. Finally, key findings and 

recommendations for future work are presented. 

2 Materials and Methods 

The road induced noise perceived by the occupants in a vehicle compartment comprises both airborne and structure-borne 

noise. As a part of vehicle NVH control strategies, robust cascading of system targets to subsystems and system elements 

is a key activity that must be completed early in any product development in combination with concept assessments 

resulting in a balance between targets and concepts [11]. An abstraction of the road induced noise target allocation model 

 
Figure 2: Abstraction of road induced noise, airborne and structure-borne paths. 

for an autonomous vehicle is shown in Figure 2. The structure-borne contribution of coarse road noise for occupant 

position i may be estimated by means of the one-sided coherent output autopower spectrum 𝐺𝑦𝑖𝑦𝑖:𝑥𝑘! related to the possibly 

correlated input or references X1 to XK [12, 13]: 

 
2
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where  𝛾𝑦𝑖𝑦𝑖:𝑥𝑘! is the magnitude squared multiple coherence function between output Yi and inputs X1 to XK, 𝐺𝑦𝑖𝑦𝑖
 the 

output autopower and f denotes the frequency, respectively. For the sake of simplicity, the frequency dependency will be 

omitted further on. The magnitude squared coherence function may be derived by: 
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where 𝐆𝑦𝑖𝒙 is the cross power spectral matrix between output Yi and inputs X1 to XK, Gxx is the input autopower spectral 

matrix and (∙)H denotes Hermitian transpose. Alternatively, the inputs may be orthogonalized by the principal component 

analysis, making the virtual inputs incoherent, which makes the calculation of the magnitude squared coherence function 

more robust [5] as the diagonal of the matrix Gxx in Equation (3) is then holding the principal components. The reference 

autopower spectral matrix Gxx may then be orthogonalized by singular value decomposition [5]:  

 
H

  =x x xxG U G U  (4) 

where the diagonal elements of Gx'x' are the principal components and U contains the eigenvectors. Replacing the 

reference autopower spectral matrix Gxx with the principal component matrix Gx'x' and the crosspower spectral matrix 

𝐆𝑦𝑖𝒙  with the virtual crosspower spectral matrix derived by: 

 
i iy y =x x

G G U  (5) 

in Equation (3) yields the magnitude squared coherence function. By inspecting the principal components, the number of 

dominant incoherent sources may be identified, which is an additional advantage using principal component analysis. 

The application of dynamic substructuring to model and analyze an assembly of system elements provides an alternative 

for conceptual assessment before or early in vehicle programs when data uncertainty is high and limited topological data 

is available. The equation of motion for a single substructure in the physical domain may be written as [14]: 

 ( ) ( ) ( ) ( ) ( )t t t t t+ + = +Mu Cu Ku f g  (6) 

where M is the mass matrix, C the viscous damping matrix, K the stiffness matrix, f the external force column matrix, g 

the interface force column matrix and u the displacement column matrix.  Compatibility conditions and force equilibrium 

between interfacing substructures for the complete assembly may be formulated as [14]: 

 
T

=


=

Bu

L g 0


 (7) 

where B is a signed Boolean matrix operating the interface degrees of freedom of the substructures,  is the displacement 

compatibility condition, which is zero for each hard mounted interface degree of freedom or the interface force times the 

isolator flexibility in case of a resilient interface and L is a signed Boolean matrix operating on the interface forces. The 

assumption used for any resilient interface relies on the isolator flexibility in practice is based only on dynamic stiffness, 

 

Figure 3: McPherson strut (left), illustration of generalized excitation and response degrees of freedom for force 

transmissibility (centre) and component mode synthesis reduced tyre-wheel model (right). 

i.e. the modulus and the loss angle, yielding in a singularity of the system stiffness matrix if isolator is modelled as a 

substructure [15]. By using Lagrange multiplier technique for force equilibrium, it yields [14]: 

 T= −g B   (8) 

where  is column matrix containing the Lagrange multipliers and also using the relation that L is the nullspace of B [14]. 

Combining Equations (6), (7) and (8), and also describing the problem in the frequency domain it yields: 
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
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where D is the block diagonal matrix containing the dynamic stiffness for the substructure assembly and K holds any 

isolator stiffness properties. It should be noted that when the matrix K does not have full rank, i.e. when hard mounted 

interfaces are used, the system stiffness matrix in the implicit form of system of equations becomes indefinite requiring 

advanced matrix decomposition methods like block LDL [16, 17]. However, in practice, especially when using 
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experimental data, the dynamic stiffness data is not directly available but it's inverse like receptance or mobility. The 

solution of (9) may then be formulated explicitly [15]: 

  
1

1T T
−

− = − + u Yf YB BYB K BYf  (10) 

where Y is the system receptance matrix. The equations of motion using dynamic substructuring with interface conditions 

for a wheel corner including the McPherson strut yields: 
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where superscript A denotes the tyre-rim assembly, B the strut and C the body structure, respectively, see the image of 

the strut in Figure 3. The interior pressure p4 may then be derived from the interface force 𝐠3
C and the vibro-acoustic 

transfer function 𝐇43
C . The closed form response in terms of interior noise sound pressure, p4, may then be derived as: 

 
1 1
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In the target allocation process, properties like source strength, vibro-acoustic transfer functions like attachment and 

transfer mobilities, and transmissibility may be used for subsystems and system elements target definitions. 

 

Transmissibility can be used to define vibration isolation and is a non-dimensional ratio of the forced vibration response 

amplitude to the excitation amplitude in steady state conditions. For a single direction system, transmissibility can be 

modeled by a single degree of freedom mass-spring system. In case of multiple degrees of freedom, system 

transmissibility is more complicated [18]. The force transmissibility matrix may be derived as [18]:  

 
(f)

s sa a=F T F  (13) 

where Fs is the transmitted response in terms of force and Fa is the excitation force. In Figure 3Error! Reference source 

not found. an illustration of excitation and response degrees of freedom are shown. The transmissibility matrix may be 

derived by means of the driving point frequency response matrix of the generalized degrees of set s and transfer frequency 

response matrix of the same quantity with excitation at the generalized degrees of freedom of set a and response at 

generalized degrees of freedom of set s, both quantities at free-free conditions [3, 18]: 

 
(f) 1
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The methods presented for target allocation for structure-borne road noise featuring dynamic substructuring and force 

transmissibility may be applied to a tyre-wheel system, possibly rolling which then requires a virtual model featuring pre-

load, gyroscopic and fluid-structure effects. The equation of motion for a rolling tyre-wheel system assuming linearized 

speed dependent matrices may be formulated as [19]: 
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where Mi is the mass matrix, Gi the vehicle speed dependent gyroscopic matrix,  the angular spin velocity of the wheel, 

𝐊𝑖
∗ the complex stiffness matrix, Fi the external load column matrix and Hsf the structural-acoustic coupling matrix while 

subscript s and f denote structure and fluid, respectively. The gyroscopic effects result in a skew-symmetric system 

viscous damping matrix. The integration of the tyre-wheel system into the vehicle NVH system model has several 

challenges for the tyre supplier and the vehicle OEM: (1) consistent model format conversion from tyre supplier to vehicle 

OEM as different software packages may be used by tyre supplier and vehicle OEM, (2) model reduction techniques 
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while retaining accuracy for governing physics as each tyre-wheel corner model contains many degrees of freedom, (3) 

protection of tyre supplier intellectual property, and (4) compliance with effective solution schemes used in vehicle NVH 

system analysis, mainly modal frequency response. Component Mode Synthesis (CMS) is a common reduction method 

within structural-dynamics where the physical displacement degrees of freedom or coordinates u for a component are 

represented in the system as generalized coordinates q by means of a Ritz transformation [20]: 

 =u q  (16) 

where  is the component-mode matrix containing the pre-selected component modes. Each of the system matrices in 

Equation 12 are then synthesized by Ritz transformation. 

3 Results 

The structure-borne contribution of road induced interior noise was derived by means of principal component analysis of 

the wheel corner references. In Figure 4 the interior A-weighed sound pressure level together with the structure-borne 

contribution and the multiple coherence function derived by using four tri-axial accelerometers on each wheel corner is 

shown. As can be seen in Figure 4 the structure-borne contribution of road induced noise dominates up to 400 to 500 Hz 

for the road surface used. The principal components of the references, i.e. the wheel corner acceleration are shown in  

 
Figure 4: Road noise, structure-borne road noise and multiple coherence for inner ear of quarter occupant seating 

position (left) and Principal components of knuckle references (4x4x3) (right). 

Figure 4 which indicates that the virtual sources are clustered together as bands of four dominant independent sources. 

The force transmissibility matrix 𝐓𝑠𝑎
(f)

 was calculated for all tyre contact patch degrees of freedom to rim centre degrees 

of freedom. In Figure 5 the scatter bands of frequency response functions (narrowband) at free/free conditions for all tyre 

 

  

 

Figure 5: Scatter bands of frequency response functions and force transmissibility, both excitation at tyre contact patch 

and response at rim centre. 

contact patch degrees of freedom to rim centre are shown together with the force transmissibility (third octave bands). It 

should be noted that reciprocity does not apply since gyroscopic properties yields in the skew-symmetric viscous damping 

system matrix leading to multiple load cases. In the longitudinal direction the scatter starts above the tyre cavity modes 

while in the lateral direction the scatter starts at the first tyre lateral mode or 60 Hz while the vertical direction shows 

scatter from 20 Hz or below the first vertical mode. These properties propagate into the force transmissibility calculation.  
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The results in terms of third octave bands of the interior pressure simulations using unit force as excitation in the 

longitudinal, lateral and vertical directions at the tyre contact patch are shown in Figure 6. As seen in Figure 6 the load  

 
Figure 6: Predicted interior structural-acoustic sensitivity using dynamic substructuring (left) and matrix condition numbers (right). 

case with excitation in vertical direction at the tyre contact patch yields the highest sensitivity, which indicates that further 

simplification of the analysis is possible but also that there is a difference in solution of the full system, viz. using Equation 

(10), compared to the closed form, viz. Equation (12). Evaluation of the matrix condition number of the different matrix 

inversions indicate low to medium level but no alarming levels. The peak at 80 Hz was investigated in terms of path 

contributions and insertion loss. As seen in Figure 7 the path contribution in longitudinal direction, viz. X-direction 

dominates for all three load cases. In the same frequency band the force transmissibility in longitudinal and vertical is 

high. The insertion loss indicates a deficiency in terms of vibration isolation caused by high active side attachment point 

mobility.  

 

 
Figure 7: Contribution analysis at 80 Hz peak for structural-acoustic sensitivity for excitation in, longitudinal, lateral and vertical 

directions and insertion loss. 

4 Concluding Remarks 

Coarse-road noise was analysed using contribution analysis in order to quantify the structure-borne noise share. For this 

McPherson suspension design, structure-borne noise was found to dominate up to 400–500 Hz. Principal component 

analysis indicates that four virtual sources dominate, but the remaining virtual sources also contribute to the structure-

borne share, indicating that the number of references must be considered in, e.g., multi-reference transfer path analysis. 

Simulation of force transmissibility for a preloaded rolling tyre indicates that the choice of excitation degrees of freedom 

strongly influences the results, especially in the vertical direction and at higher frequencies. Structural–acoustic sensitivity 

was simulated using dynamic substructuring by means of the LM-FBS method. Differences were found between solving 

the full model and the closed formulation for interior noise, but these were not fully explained and will be subject to 

further investigation. The highest force transmissibility occurs in the lower frequency bands, where the structural–acoustic 

sensitivity is also high. The dynamic substructuring simulation method offers opportunities for conceptual assessment, 

but requires prior knowledge of chassis kinematics, structural dynamics, and attribute balancing. Assessment of targets, 

rolldown sensitivity, and attribute balancing without detailed topological information can then be performed before or 

during the conceptual phase. 
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