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Abstract 
In this paper we present a hybrid approach for estimating in-vehicle steering gear running noise during a 

parking maneuver. The approach is based on a simulation model that provides the structural dynamic 

excitations from the steering gear, and experimentally measured transfer functions that map these excitations 

to interior sound pressure level. Providing realistic excitations requires simulating the steering gear in a 

power-on condition. To this end, we use a multibody model of the gear mechanics in co-simulation with 

models of the steering torque controller, the torque and angle sensor, and the electric drive. Our results show 

that the presented approach is a useful tool for frontloading NVH-driven design decisions in the 

development process of steering gears. 

1 Introduction 

Running noise of electrically powered steering systems (EPS) is an essential assessment criterion in today’s 

automotive development because modern drivetrains are so silent that steering gear noise becomes audible 

in the vehicle. A classic Noise, Vibration, and Harshness (NVH) assessment of steering gear running noise 

requires a physical integration of the steering system into the vehicle, yet physical components of both these 

systems are only available in late stages of the development process. As a result, NVH-driven design 

changes are often time consuming and expensive. It is therefore desirable to characterize running noises of 

steering gears as early as possible, even prior to the availability of physical parts. 

 

Full vehicle noise and vibration performance is depending on the interaction between many subsystems, 

such as powertrain, subframe, body, and suspension. For an effective design improvement procedure, it is 

of paramount importance to identify the contribution of each of these subsystems and to clearly assess the 

NVH improvement potential for single component modifications. The traditional compromise solution 

relies on iterative component improvements and the validation of several physical prototypes throughout 

the vehicle development process. Especially for steering system development this poses significant 

challenges as the final in-vehicle performance depends as strongly on the acoustic sensitivity of the car 

body as on the excitations generated by the steering system operation. The core of advanced NVH design 

process management is a predictive vibro-acoustic full vehicle analysis model, used to support concept 

decisions, monitor component performance, and evaluate cabin noise targets at any design stage, thus 

reducing the total development time and costs. The predictive full vehicle modeling as proposed in this 

paper makes use of test-based component models for existing parts and pure finite element component 

models for newly designed components.  

 

At early design stages the model is built based on predecessor dynamic data. It then offers the engineers 

the analysis environment to quantify, directly at the level of the final cabin noise performance: 
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• the contribution of every subsystem, and 

• the effect of subsystem or component design changes. 

 

The target is to provide the vehicle NVH team with qualitative and quantitative insight in major causes for 

interior noise, at any stage or time in the design cycle, and to set clear responsibilities and targets for every 

component design team (both internal for the steering system and external for the subframe and body 

design teams). The proposed analysis model allows for quick evaluation of the effects on interior noise of 

design modification requirements from any vehicle development section. Throughout the design cycle the 

individual component characteristics and input loads in the full vehicle analysis model can be flexibly 

updated to match as-build parts, from prototype until mass production. In this way the model provides an 

easy way to monitor the NVH progression of the vehicle at each step of the development process. 

 

The rest of this paper is structured as follows: In section 2 we give some generic background on steering 

gear running noise assessment based on physical parts. We then explain what is required to perform the 

same analysis virtually, describe the structure of the underlying prediction process, and provide briefly some 

theoretical background about the used methods. Section 3 explains the overall topology of electric power 

steering systems (EPS) and continues with describing the structure of the mechatronic system model that 

provides the noise-generating excitations. In the following section 4 we explain the necessary steps to 

compute interior noise from the calculated excitations, which involves building up a structural assembly 

model and incorporating measured noise transfer functions. Section 5 contains an application example that 

shows the influence of different connections between steering gear and vehicle. We finish the paper with 

conclusions and outlook in section 6. 

2 Method 

Running noise is classically evaluated during emulated parking maneuvers. These maneuvers are performed 

in a semi anechoic chamber with zero vehicle speed and different constant handwheel speeds in clockwise 

(CW) and counterclockwise (CCW) direction. The resulting interior sound pressure level is then recorded 

with a binaural head and the frequency content of the recorded signal is extracted for evaluation. Note here 

that constant handwheel speed is necessary to operate the system in a quasi-steady state condition so that 

results are comparable and order-driven excitations from the electric drive or other subsystems do not 

corrupt the measurements. 

 

 

Figure 1 Semi anechoic chamber for in-vehicle steering gear running noise assessment. Asphalt on the 

ground ensures realistic resistance forces during emulated parking maneuvers. 

For the simulation-based prediction of running noise it is necessary to operate a virtual model of the steering 

gear in the target environment, i.e., the vehicle. The gear model must replicate the parking maneuver load 
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case and provide the resulting noise-generating excitations while the vehicle model must contain the noise-

transmitting properties from the gear to the driver ear. In this section we describe the overall structure of the 

underlying noise prediction process and show how the individual models are combined. 

2.1 Noise prediction process 

Figure 2 shows the overall structure of the interior noise prediction process. The prediction is based on a 

mechatronic excitation model that comprises the mechanical components of the gear, the electric drive, the 

torque sensor, and the steering torque controller. A more detailed description of the model structure is given 

in section 3. To create the excitations, the mechatronic model is run for multiple load cases that correspond 

to parking maneuvers with different constant handwheel speeds from 30 to 90 rotations per minute (rpm) 

and a constant rack load, e.g., 4 kilonewtons (kN). This procedure is in line with standard NVH in-vehicle 

and on-bench test procedures so that simulation results are comparable when physical parts become 

available. 

 

Figure 2 Interior noise prediction process. Virtual excitations and measured noise transfer functions yield 

predicted interior noise as an output. 

The excitation model outputs time domain data of loads at various internal interfaces between moving and 

static parts. Simulation in the time domain is required to capture the load-dependent non-linear behavior of 

the system as well as to allow the full rack travel of approximately 150 mm for a typical belt drive EPS. The 

dynamic loads are then transformed into the frequency domain and fed into an assembly model which 

comprises two substructure models of the steering gear and the vehicle subframe, as well as the connection 

stiffnesses at the mounting points between the gear and the subframe, labeled as K in Figure 2. Including 

both the gear and the subframe as coupled substructures allows for identifying their individual influence on 

the full-system behavior, which is key to improving running noise later in the process. For instance, 

assembly modes exist that are either dominated by the modal behavior of the gear or by the modal behavior 

of the subframe. This is important when the manipulation of such system modes is necessary and highlights 

the value of the virtual integration process described in this article. More details on the structural model are 

given below. 

Feeding the structural assembly model with the virtual excitations from the mechatronic system model yields 

forces at the mounting feet, which are the main connection points to the integration target, i.e., the vehicle. 

Accordingly, the last step towards predicting interior noise in the vehicle consists of using noise transfer 

functions (NTFs) that map dynamic mounting point forces to interior sound pressure levels. NTFs are 

typically obtained experimentally by tapping the point of excitation with an impact hammer while measuring 

the sound pressure level response with a binaural head in the vehicle. Note here that in early development 

stages, measured NTFs of the vehicle are not available, so that predictions or NTFs from a previous version 

of the vehicle must be used as approximations. 
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2.2 Theoretical background 

The modeling technique used for the assembly modeling is Frequency Response Function (FRF) based 

substructuring (FBS). The basic principles are briefly reviewed in this section, for more details see [1]. The 

basic idea of the FBS method is to predict the global frequency response function matrix between forces 

acting at specific operational excitation degrees of freedom (DOF) on a substructure and selected response 

DOF in any substructure of the assembly. Note that no limitations are set on the type of response signals: 

sound pressure and vibrations are treated in the same way. From a component designers point of view, the 

exploitation of a FBS model to calculate force transmissibility spectra is very interesting. The operational 

reaction forces at the component coupling interfaces can be estimated for every set of external force spectra 

acting on any component or part of the assembled structure. These interface reaction forces are of interest 

in case of hybrid FBS models because they implicitly contain all effects that the coupling has on the 

structural dynamics behavior. They can thus be applied as input to the original, uncoupled, finite element 

component models for design optimization. 

 

Prior to the assembly calculations, each component is represented by its FRF matrix [𝐻𝑖𝑗], relating a 

response vector {𝑥𝑖} to an excitation vector {𝐹𝑗}: 

 

 {𝑥𝑖} = [𝐻𝑖𝑗]{𝐹𝑗} (1) 

 

This matrix describes the frequency dependent interaction between the force input DOF, the general 

(vibration or noise) response DOF and the DOF connecting that component to other vehicle components. 

For coupling calculations, these FRF matrices of the uncoupled components are reorganized in submatrices. 

The submatrix dimensions are determined by the number of coupling DOF, the number of excitation DOF 

and the number of response DOF on each subsystem. The interface DOF from both substructures can either 

be rigidly coupled or, in the general case, joined by flexible elements, characterized by a stiffness block 

matrix [Ks]. The FRF of the assembled structure are then derived from the compatibility conditions for the 

displacements and the equilibrium conditions for the forces. Each component is modeled by a measured 

FRF matrix or by a synthesized FRF matrix based on a FE model of the component. To guarantee the 

accuracy of the predictions on the assembly model, the component FE model must be validated and updated 

using experimental modal analysis on a physical prototype as soon as it becomes available. 

 

The steering system predictive model described in this paper includes the main structural components: the 

steering system structure (including housing, motor, gear and BNA) and the vehicle subframe. Measured 

FRF matrices are used to characterize the car body attachment stiffness and acoustic sensitivity. Depending 

on the steering system configurations the steering system and subframe components are connected through 

rigid or bushing mounts. An overview of the assembly layout is given in Figure 3. 

 

 

Figure 3 Steering system interior noise assembly model. 
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The input forces applied to the full vehicle model in the scope of the work presented here are motor and 

internal bearing forces inside the steering system. They are calculated using a co-simulation model that 

includes a MBS steering system model and a motor torque control model. The details of the calculation of 

these forces are discussed in the next section of the paper. 

3 Mechatronic excitation model 

3.1 Steering-gear topology 

Steering systems of vehicles are commonly built around the steering column assembly and the steering rack 

(see Figure 4). The steering column is a chain of shafts and joints that provide the mechanical connection 

of the steering wheel to the actual steering gear. The driver’s hand wheel torque is transformed to a linear 

force by a pinion that drives the steering rack. Assisted steering, so called power steering, has been used for 

decades in the automotive industry. While the initial concept of providing steering assist was originally 

based on hydraulically powered systems (HPS), electrically powered systems (EPS) are now state-of-the-

art. Among other reasons, this is because EPS consume less power, which helps reduce fuel consumption. 

EPS are available today in different designs, depending on system packaging requirements, costs, and 

required steering assist.  

 

Figure 4 General schematic of an automotive steering gear. Steering wheel torque is transmitted along the 

column and transformed to a linear rack force that actuates the wheels. 

In this article, we will only discuss so-called belt drive EPS. Belt drive systems are a subset of steering gear 

topologies that provide steering assist by driving a ball nut on the steering rack, which is connected to the 

electric drive with a belt. The ball nut transforms torque from the motor to linear rack force and provides 

radial support of the steering rack. Due to their complexity, belt drive steering systems contain various 

sources of running noise. In the following paragraph, we will briefly describe the excitation sources: the 

electric drive, the belt-and-pulley assembly, and the ball nut assembly.  

The electric drive is a source of running noise because of two main reasons. First, it contains a discrete 

number of permanent and electro magnets that cause low-amplitude ripple in the torque output of the motor. 

Second, the rotating electromagnetic field in the stator excites the motor housing periodically when 

generating assist torque. Torque from the electric drive is transmitted to the ball nut by a timing belt which 

produces excitations due to tooth engagement with the pulleys. Belt resonances may also become audible 

depending on the preloading, the speed, and the transmitted torque. A further contributor to running noise 

is the ball nut assembly (BNA) which contains multiple balls that interact dynamically with the surfaces of 

the ball nut body and the steering rack. In general, the balls do not always roll at the same speed and can 

collide when entering or leaving the return path of the ball nut. Because of the complex contact situation 
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inside the BNA, the resulting excitations show a broadband behavior that cannot be related precisely to its 

rotational speed. 

3.2 Model topology 

We use a multi physical excitation model to simulate the forces of a steering gear at the interfaces between 

static and moving parts. It contains subsystem models of the steering gear mechanics, the torque and angle 

sensor, the steering torque controller, and the electric drive. Figure 5 shows the structure of the simulation 

model, where the interfaces between subsystem models as well as inputs and outputs are displayed by the 

connecting arrows.  

 

Figure 5 Schematic of the mechatronic excitation model. 

Modeling and simulation of the excitation model is a complex task. This is because (a) different physical 

domains and software algorithms are required to run in co-simulation so that the complete model renders 

high frequency excitations, and (b) each part of the model must fulfill requirements that trace back to the 

requirements of the full system model. We use Matlab/Simulink as the host software to run the full system 

model. In our current implementation, the steering gear mechanics is first modeled in a multibody simulation 

environment, which allows us to render large relative motions of parts such as the full rack travel of 

approximately 150mm for a common belt drive system. It also gives us the possibility to represent some 

parts as flexible bodies, while keeping other parts rigid for computational efficiency. Other advantages are 

the straightforward implementation of constant and variable gear ratios, and the incorporation of nonlinear 

interfaces. Figure 6 shows our mechanics model in MSC Adams. Note here that Adams supports a model 

export to Matlab/Simulink so that the mechanical portion can be run in co-simulation with the other 

subsystem model. 
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Figure 6 Belt drive EPS model. The assist torque from the electric motor is transmitted with a belt to a 

ball nut on the rack, which transforms torque to axial rack force. 

Both the torque and angle sensor and the steering torque controller were directly modeled in 

Matlab/Simulink. The main purpose of the sensor model is to compute the driver input torque by measuring 

the angular difference of the steering wheel and the input shaft, which is straightforward since the rotational 

stiffness of the connecting torsion bar is known. It then discretizes the “continuous” torque signal at a certain 

sample rate before handing it over to the steering torque controller. The steering torque controller (STC) 

calculates the torque demand to assist the driver in powered steering systems. To this end, it requires the 

mechanical state of the system as well as the sensed steering torque and the current vehicle speed, which is 

zero for the running noise load case described in this paper. The purpose of the electric drive model is to 

provide the magnetic air gap forces between the rotor and the stator. These air gap forces are then fed back 

to the mechanics model, where they are used to compute the resulting rotor torque and the respective loads 

on the housing. In our current implementation the magnetic forces of the electric drive are computed in 

Matlab/Simulink using look up-tables that were created from a finite element simulation in Ansys Maxwell. 

Thereby, the dynamic behavior of the system can be simulated without the need for a parallel finite element 

simulation. 

4 Structural assembly model and interior noise estimation 

To describe the noise transferring mechanisms between the virtual excitation points already defined in the 

mechatronic model and the noise pressure level at the driver’s / passenger’s ear a model combining finite 

element simulation and measured data is utilized. The finite element structural model accounts for the 

frequency response of an assembly that consists of two subassemblies: the vehicle’s subframe and the 

steering gear. The noise transfer functions represent the noise transmission between the gear mounting point 

on the subframe and the noise pressure level at the driver’s ear. Considering the complexity of a car body 

model with respect to structure- and air-borne noise transmission, measured data is used to obtain the 

response of the car body structure in this case.  

4.1 System assembly via dynamic substructuring  

The assembly structural model is built by applying the dynamic substructuring (DS) technique. The 

technique is not limited to, but preferably used in the frequency domain, due to easier obtaining and 

combining of frequency response functions (FRFs) from both simulation and physical measurements. The 

approach is called frequency based substructuring (FBS) and relies on clear definitions of the coupling 

points between the separate components. In the current contribution the subassemblies are dynamically 

coupled at the mounting points, labeled as MNT1, MNT2, and MNT3, as shown in Figure 7. The coupling 

points are represented by virtual points that are compatible with the nodes in the FE models, which also 

correspond to the measured dynamics from the experiments.  
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At each coupling point the system dynamics at the interfaces is condensed to nodes with six degrees-of-

freedom. These points are also very often called interface points, since within one connection there is a point 

that belongs to each of the components. In this way the interconnection between the subassemblies is 

reduced to a nodal connection, which needs to be further defined. The nodal connection could be rigid, with 

prescribed dynamical stiffness etc. In the example presented measured complex stiffness curves describe 

the bushing mounts of the steering system to the subframe.      

The FBS allows explicit modelling of the interface dynamic stiffnesses between the different components 

of the systems and facilitates further optimizations on a component level. It offers at the same time also the 

possibility to incorporate both simulated and experimentally obtained data, when available. As a result, the 

assembly model is flexible and provides frame-like model structure with exchangeable components. Such 

model composition comes very handy for quick  assembly-level evaluation of componentwise 

improvements.    

 

Figure 7 The FRF assembly comprises reduced-order models of the steering gear and the subframe. 

4.2 Modal analysis of the substructures and FRF synthesis 

Each substructure is accounted for in the assembly through its decoupled FRFs. The FRFs of the 

substructures are synthesized based on data from modal analysis. Performing the modal analysis there is a 

general rule, regarding the boundary conditions valid for the substructures. The component modes should 

be calculated, taking into consideration the component installation on the car level, except the boundary 

conditions at the coupling interfaces, which must be left free-free. In this particular case this means that for 

the subframe appropriate boundary conditions are required at the mounting points of the subframe to the car 

chassis and no boundary conditions at the mounting points of the steering gear as shown in Figure 8. The 

FRFs for each of the components are then established and then used for describing the dynamic behaviour 

of the created assembly. 
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Figure 8 Modal analysis boundary conditions. 

4.3 Forced frequency response analysis 

A modal-based frequency response analysis of the structure is used to map the excitation forces into dynamic 

forces at the coupling points. Within this type of analysis, the modal behavior of the investigated 

subassemblies is evaluated by means of decoupled frequency response functions. The frequency-based 

substructuring (FBS) technique combines the independent frequency response functions (FRFs) of the 

substructures to FRFs of the entire assembly. The forced frequency response of the full assembly is then 

simulated by combining the assembly FRFs, established by the FBS and the virtual excitations provided by 

the mechatronic excitation model. Following the above described process the interface forces from the 

steering gear to the subframe are determined. These forces are then used as virtual excitations of the next 

level frequency response, which estimates the noise pressure level at the driver’s ear.  

4.4 Interior noise calculation  

The calculation of the interior noise, caused by the forces transmitted from the steering gear to the subframe, 

is basically a forced frequency response procedure. In this case it stays for the full car acoustic response, 

excited by the forces, resulting at the gear-subframe interface. To achieve this the FRF matrix characterizing 

the car body stiffness and acoustic sensitivity also described as a noise transfer matrix is multiplied by the 

interface forces acting on the subframe at the coupling points with the steering gear. (MNT1, MNT2 and 

MNT3).     

5 Case study 

This section demonstrates the application of the described procedure in a decision-making process, 

regarding the choice of the type of mounting connections between the steering gear unit and the subframe. 

The task is to find the optimal position for a “soft” mount, i.e., a bushing, so that the resulting interior noise 

is improved compared to all other configurations. Note here that interior noise improvement implies a certain 

amount of freedom by the interpretations of the scope and the target, as shown below. 

The optimization prerequisites are as follows: 

a) the soft mount can be placed at each of the three coupling points (MNT1, MNT2, or MNT3) between 

the housing of the steering gear and the vehicle subframe, 
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b) there can only be one soft connection among the three options, the rest of the connections must be 

“hard”,  

c) the frequency-dependent dynamic stiffness of the bushing element is already known through 

measurements. 

After positioning the soft connection and assigning the measured stiffness, the remaining two connection 

points are considered as rigid. For this case study we used one set of excitations, resulting from the 

mechatronic model, which was evaluated for equal stiffness parameters at all three coupling points. The 

motivation behind this choice is to make sure that the differences observed at the noise pressure level are 

only caused by the changes in the matrix [Ks] and are not influenced by the excitation. The resulting noise 

pressure levels are shown in Figure 9.  

           

 

Figure 9 Noise pressure levels for the three different bushing positions. 

The results show that identifying a “good” solution is often a challenging task. This is because each bushing 

position decreases the interior noise in a certain frequency range while increasing it in another frequency 

range. For example, using a soft mount at MNT2 or at MNT3 can decrease the peak at about 125 Hz. 

However, both these options increase the amplitudes at about 400Hz. In this example, using a bushing at 

MNT3 has the highest impact on frequencies above 500Hz.  

From our experience, it is hardly possible to decrease the interior noise along the whole frequency range of 

interest of 0Hz – 1kHz only with bushings. A complete simulation-driven design optimization process must 

therefore include more “design parameters”, such as the housing geometry, electric drive tunes etc., as 

described in section 2. Additionally, it may also include customer-specific requirements and preferences. 

6 Conclusions and outlook 

This paper described a process for predicting steering gear running noise using simulated gear excitations 

and measured transfer paths that represent the vibro-acoustic characteristics of the vehicle. The process 

offers insights into the noise generating and noise transmitting mechanisms on a full system level. Hence it 

provides the possibility to make objective design decisions early in the development process. Due to the 

multi-disciplinary nature of the process, including multibody and finite element models, as well as co-

simulation to replicate realistic power-on conditions, the creation and evaluation of the overall model is a 

challenging task.  

The individual steps of the presented process are typically performed in independent analysis environments. 

As a result, good prediction accuracy requires adequate transferring and processing of geometrical and 

load/response data. In our current implementation, we used about five different software packages to 

generate and process data. Further progression of computer simulation tools will reduce this number by 

providing integrated simulation environments that allow for a more straightforward and automated data 

handling. 
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