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Abstract 
Several use cases for vehicle transfer path analysis (TPA) by an automotive supplier and its wide range of 

products are presented here, thus showing, that the TPA method has made it to a standard development 

tool. The pure structure-borne TPA models are based on common matrix inversion for the determination 

of operational forces. Good experiences are made with just one to two times matrix overestimation. Matrix 

data is collected simultaneously with the relevant transfer functions, to the interior target location, via 

hammer impacts. TPA model verification is made by means of artificial excitation. The calculations are 

carried out with an in-house Matlab software and the results are closely communicated with the customer 

in order to optimize the products and possibly the surrounding system in the most efficient way. 

1 Introduction 

The transfer path analysis has become more and more established in the field of vehicle acoustics. With its 

help, dominant transfer paths between a source and a receiver can be located and quantified and critical 

frequency ranges can be identified. Studying the critical paths in detail, dedicated measures for 

optimization can be designed and defined subsequently. In this paper some use cases are presented that 

demonstrate a broad application range: transient noise phenomena like shock absorber bumps or clatter 

noise in electro-mechanic actuators (electric roll control or rea axle steering) can be handled as well as 

quasi-stationary phenomena like whining of gears or electric machines.  

The established procedure is presented in section 2 and some use cases of the transfer path analysis of an 

automotive supplier in section 3. 

2 Method 

2.1 System boundary 

The reduced transfer path analysis used in this case only considers the translational structure-borne sound 

transmission paths [1]. Noise radiated by the unit and the acoustic-acoustic transmission paths (ATF) are 

neglected ad well as all rotational degrees of freedom. As a transfer path, the interface between the unit 

and the body is defined for the passenger compartment and considered in all spatial directions. As a result 

of this triaxle consideration of the intersection points and the resulting high number of channels, only one 

to two times over determination of the matrix can take place compared with the recommended triple over 

determination ([2], [3], [4]).  
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2.2 Transfer path analysis using the inverse matrix method 

In practice, the transfer path analysis using the inverse matrix method has proven itself. Here, all 

measurements are measured in-situ, i.e. in the assembled state. This has proven its worth in practice due to 

the rapid and simplified measurement of weakly coupled systems. Internal investigations showed that the 

influence of the coupled system is present, but can be neglected in soft couplings. Figure 1 shows the 

basics of a transfer path analysis. It is used to identify and classify dominant transfer paths to several 

receivers. 

 

 

Figure 1: TPA basics 

In the first step, the inertance matrix (1) and the vibro-acoustic transfer functions (VTFs) (2) are 

determined by impact hammer measurement in a laboratory measurement.  

   𝐼𝑖𝑗 =
𝑎𝑖

𝐹𝑗
       (1) 

Iij  inertance matrix 

ai   acceleration at point i 

Fj  force at point j 

𝐻𝑘𝑗
𝑉𝑇𝐹 =

𝑝𝑘

𝐹𝑗
|
𝑄𝑗=0

      (2) 

H  vibro-acoustic transfer function 

k  microphone position 

Q  volume flow 

 

In the second step, operating measurements are carried out under real conditions in order to determine the 

disturbing noise. More information is provided in section 2.4. By correctly changing the equations (1) and 

(2), the operational force (3) introduced into the vehicle body can now be calculated by means of the 

measured operational acceleration. 

 

𝐹𝑗(𝑟𝑜𝑎𝑑) = 𝐼𝑖𝑗
−1 ∗ 𝑎𝑖(𝑟𝑜𝑎𝑑)    (3) 

 

By linking the calculated force with the vibro-acoustic transfer function, the partial sound pressure 

components of each path can be calculated (4). By summing them, the interior noise can be synthesized 

(5). 

𝑝𝑘𝑗 = 𝐻𝑘𝑗
𝑉𝑇𝐹 ∗ 𝐹𝑗(𝑟𝑜𝑎𝑑)     (4) 

𝑝𝑘 = ∑ 𝑝𝑘𝑗𝑗       (5) 
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2.3 In-house Matlab-Software 

For an efficient and fast creation of the matrices and calculation of the transfer path analysis, an in-house 

Matlab software was created, which is constantly being optimized and extended. 

2.3.1 Import / Export 

The interface data format was Universal File Format 58 (UFF58). The UFF 58 format has a relatively 

simple standardized structure with 12 so-called records, which contains a complete record for descriptive 

data. 

2.3.2 Impact-Tool 

An in-house tool (Figure 2, left) is used for an optimized and fast selection of suitable impacts from the 

laboratory measurement. This evaluates the best combinations of multiple impacts based on the coherence 

criterion over defined channels and a defined frequency range. There are further investigations to insert 

further criterions based on auto- and cross-power-spectra. The output includes the optimized inertance 

matrix and vibro-acoustic transfer functions. 

 

                 

Figure 2: Impact-Tool (left), Matrix-Tool (right) 

2.3.3 Matrix-Tool 

With the help of the matrix tool (Figure 2, right), the inertance matrix and the VTF matrix can be 

constructed and generated with just a few clicks. Also it is possible to assess the inertance matrix by 

several criteria (FRAC, PAC, phase check, coherence). 

2.3.4 Synthesize-Tool 

The Synthesize-Tool is used to compare the measured and synthesized data (Figure 3, left). There are two 

2D diagrams showing the magnitude and phase of the measured and synthesized target. In the lower part, 

the Campbell diagram shows the partial components of each path considered. In addition, it is possible to 

use a polar diagram to display the magnitude and phase of all paths of a specific frequency with pointers. 

To identify individual transmission path segments it is possible to get an overview using calculated force, 
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measured VTF and synthesized partial sound pressures (Figure 3, right). The upper diagram shows the 

calculated forces from the load case measurement. The middle diagram shows the transfer functions to the 

target. The lower diagram shows the calculated partial components calculated from the force and the 

transfer functions. 

 

          

Figure 3: Synthesize-Tool 

2.4 Load cases 

2.4.1 Continuous noise 

To generate a load case for quasi-stationary noises such as gear whining, pumps or electrical machines, 

depending on the application, speed ramps are run at different loads in all relevant shifted gear positions. 

This happens on a factory test track (Figure 4) as well as on public roads and highways. In order to obtain 

higher loads at low speeds it is possible to use sloped hills. The road must be as quiet, clean, and dry as 

possible for the measurements. 

 

 

Figure 4: testing track 

2.4.2 Transient noise 

Rubber mats (Figure 5) are used to generate defined impacts in the respective axis (vehicle side left, right) 

and simulates the passage of cobblestones or potholes. Due to the defined distances, the noises of the front 

and rear axles can be precisely assigned. One to six layers of 5mm thick mats allow the consideration of 

different amplitudes. 

 

         

Figure 5: rubber mats  
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3 Results and discussion 

3.1 Shock absorber 

Due to internal investigations concerning possible transfer paths of shock absorber noise, a transfer path 

analysis was performed. Figure 6 shows the sensor setup.  

 

Figure 6: shock absorber sensor setup  

Focus was on the top mount in the rumble frequency range of 200-400Hz (Figure 7). The load case was 

created by driving over the rubber mats. Triggering in a proper way aligned with the subjective impression 

when listening to interior noise is critical here. At the top mount sensor as well as in the cabin, the rumbles 

are identified and correlate well.  

 

Figure 7: shock absorber rumble noise 

Using this load case for transfer path analysis we can see (Figure 8), that the high acceleration in Z-

direction leads to just a small force input. The dominant path (top mount z-direction) results from on the 

high transfer function to the cabin in this point. 

 

Figure 8: TPA results shock absorber 
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3.2 Active kinematic control (AKC) 

Also due to internal investigations concerning possible transfer paths of knocking or running noise, a 

transfer path analysis was performed. Previous assumptions of the main transfer path were on the AKC 

mount in Y-Direction. Figure 9 shows the setup of the sensors and mounting points. 

      

Figure 9: active kinematic control sensor setup 

Focus was on the AKC mount in the clacking frequency range of 150-600Hz (Figure 10). The load case 

was created by driving over the rubber mats. Triggering in a proper way aligned with the subjective 

impression when listening to interior noise is critical here. The clacking noise is measureable at the AKC 

mount sensor as well as in the cabin. 

 

Figure 10: active kinematic control clacking noise 

Using this load case for transfer path analysis we can see (Figure 11), that the high acceleration in Y-

direction at the AKC mount and at one of the control arms leads to a high force input. The dominant path 

(AKC mount and partial a control arm in y-direction) results from the high force input at these points. 

 

 

Figure 11: TPA results active kinematic control  
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3.3 Gear whining 

Based on internal optimization suggestions, a transfer path analysis was carried out regarding gear 

whining for an automatic transmission. The aim of this study was to identify and optimize the dominant 

transfer paths. Figure 12 shows the used sensor setup. 

 

Figure 12: gear whining sensor setup 

From a run up measurement with medium load on a test track the critical frequency range for gear whining 

could be identified between 1200Hz and 1800Hz (Figure 13) with a good signal-noise-ratio. 

 

Figure 13: gear whining noise 

Using this load case for transfer path analysis we can see (Figure 14), that the high acceleration in Y-

direction at the gearbox mounts and the center bearing leads to a high force input. The dominant path 

(gearbox mount left and center bearing in y-direction) results from the combination of high force input and 

good transfer to cabin at these points. 

 

Figure 14: TPA results gear whining  
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3.4 Electric Drive 

Based on an internal benchmark, a transfer path analysis was carried out regarding electric drive noise at 

an electric vehicle. The aim of this study was to identify and classify the dominant transfer paths. Figure 

15 shows the used sensor setup. 

         

Figure 15: electric drive sensor setup        

From a run up measurement with high load on a test track the critical frequency range for electric drive 

noise could be identified in a first range between 250Hz and 550Hz (Figure 16) and in a second range 

between 650Hz and 850Hz with a good signal-noise-ratio. 

 

Figure 16: electric drive noise 

Using this load case for transfer path analysis we can see (Figure 17), that there is just a low acceleration 

level for the lower frequency range and a high acceleration in the upper frequency range. The dominant 

path at the lower frequency range are the both front mounts in Z-direction due to a high force input and at 

the higher frequency range all mounts in Z-direction due to a good transfer to the cabin at these points. 

 

Figure 17: TPA results electric drive  
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4 Conclusion & Outlook 

Structure-borne transfer path analysis is a very suitable tool for identifying and optimizing dominant noise 

transfer paths. Both impulsive and continuous noises can be examined by a suitable setup for the 

collection of operational data. The load cases can be specifically excited and extracted from overall noise 

for analysis. Based on the results, system weaknesses can be localized and displayed. 

Further investigations and developments are ongoing within ZF in order to enhance the common matrix 

inversion abroad in frequency and time domain and to implement the blocked forces approach [5] in the 

in-house Matlab software.  
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