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Abstract 
The Transfer Path Analysis (TPA) method is a group of numerical/experimental tools for the analysis and 

troubleshooting of noise and vibration problems in linear time invariant vibro-acoustic systems. This 

method allows the identification of the main noise and vibration sources and the structural/acoustic 

transfer paths to the target points. With TPA it is also possible to treat linear system with non-linear sub-

systems or systems with frequency dependent dynamics. Based on the sources and paths, it is possible to 

propose modifications that effectively minimize noise and vibration at the target positions. In this paper 

we study experimentally the vibro-acoustic behavior of a vehicle prototype using the classical transfer 

path analysis comparing two models: one with direct loads measurement and other using an inverse 

method. The results obtained with both methods were very similar and both indicated the same path as the 

most important to total responses at the target locations. 

1 Introduction and theoretical background 

The transfer path analysis (TPA) method is a powerful technique to find and solve problems in vibro-

acoustics systems. The aim of TPA is to identify the most critical active components and vibro-acoustic 

energy propagation paths for a given vibro-acoustic problem [1]. 

In TPA, the system under study is mathematically represented by a model built on the source-transfer 

path-receiver concept that assumes the active components can be separated from the rest of the system 

which is split off into as many parts as there are active sub-systems. When dealing with engine noise, one 

could divide the system in two (Figure 1): the first one is the active subsystem that contains all vibro-

acoustics sources (engine) and the second one, referred to as the passive subsystem, which contains the 

propagation paths and the receiver (chassis and trimmed body). 

 

 

Figure 1: TPA model of a vehicle including acoustic and structural loads, paths and receiver microphone. 
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The active subsystem contains the vibro-acoustics sources that can be of two types: structural and 

acoustic. Structural sources are the ones that excite the passive subsystem via structural connections, for 

example, the engine connected at the car body via the mounts. Generally the excitations of structural 

sources are characterized by the forces (or accelerations) at the connection points to the passive side 

(marked as F1 an F2 on the Fig.1). Acoustic sources can be vibrating surfaces (e.g. car panels) and opening 

(as intake and exhaust systems) producing sound which is radiated into the car. The acoustic sources are 

characterized by their strength measured in volume displacement or volume velocity (marked as Q1 and Q2 

on the Figure 1) [1]. 

The passive subsystem contains the transfer paths, which can be structural and/or acoustic paths, the 

former when dealing with structural targets (vibrations at the passenger seat, steering wheel, etc.) and the 

latter when targeting acoustic quantities (sound pressure at the passengers head positions). In particular, 

when the noise do to structural borne sources are of concern, the passive subsystem is characterized by 

Noise Transfer Functions (NTF) with units of [Pa/N]. In the car example illustrated in Fig.1, this includes 

the passenger compartment, the whole chassis and the driver and passengers.  

In the TPA method, two quantities have to be determined during the analysis. The operational forces at 

each transfer path and the NTF through these paths. The NTF are obtained either experimentally or 

numerically and the operational forces can be directly obtained from measurements using force 

transducers or estimated via indirect methods [2]. In the most of practical cases, the direct measurement of 

the operational forces is not possible, due to the impossibility of mounting the force transducer in between 

the subsystems. Furthermore, the presence of the transducers can modify the mechanical properties of the 

system. Assuming that the system is linear, time invariant and that the operational loads can be 

determined, the total response at the target yk due to the partial contribution of each path of the system is: 

 

            

 

   

                

 

   

           (1) 

 

where, yk represents a target response due to the structural inputs Fi and acoustic inputs Qj, NTFF and 

NTFQ are the noise transfer functions of the propagations paths from de different sources. 

The structural operational loads can be obtained indirectly by two classical methods: the complex stiffness 

method and the matrix inversion method. The complex stiffness method consists of the use of resilient 

connecting elements provided that the complex dynamic transfer stiffness is known and the mounts 

behaves like an ideal spring, then, the force is obtained by (2): 

 

                      
                 

  
  (2) 

 

where       is the differential displacement over the mount and ki is the dynamic stiffness of the flexible 

mount [3]. In The matrix inversion method, it is necessary to measure the responses (accelerations and/or 

pressure) in the operational condition, as well as the NTFs with the active subsystem removed. The 

operational forces are estimated as: 
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where n is the number of input forces and m is the number of response points (with m   n). 

More recently, the topic has been revisited through some analytical examples [4] and, mainly, focusing on 

the operational methods [1, 5-8]. TPA has also shown a potential to aid in the design of passive [9] control 
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solutions, which, including the study of active control, is one of the intended uses of the presented test 

bench. 

2 The test bench 

Figure 2 shows pictures of the experimental test bench. It consists of a modular and multifunctional 

experimental apparatus, built in Plexiglas, which has a simplified geometry and a configuration of a 

vehicle mockup. This test bench allows the use of acoustical and structural sources, modular and 

interchangeable firewalls, different mounts and inclusion the force sensors for direct measurements,  

which allows checking the robustness of the other load estimation methods. Furthermore, the cavity 

provides an easy modeling geometry avoiding unwanted uncertainties in the vibro-acoustic model. With 

this test bench it is possible to validate the Finite Element models (e.g. virtual transfer path analysis) and 

also build hybrid models (numeric-experimental) to solve vibro-acoustics problems. 

 

 

Figure 2: test setup (a) measurement equipment, (b) vehicle mockup, 

 (c) engine mockup and (d) excitation device. 

 

To perform an experimental transfer path analysis the test bench (vibro-acoustic system) was split into two 

subsystems, one active subsystem and a passive subsystem. The passive subsystem contains the transfer 

paths, the receivers (targets points), and the indicator points. The active subsystem contains the engine 

(source) and the two mounts that connect the two subsystems structurally.  

In the vehicle mockup there are two targets of interest, one target located in front of the vehicle simulating 

the position of the driver's ear (target 1) and the other at the rear of the vehicle simulating the position of a 

passenger (target 2), as shown Fig.3. In the targets locations only acoustic responses were measured. The 

additional points, which are necessary for a good conditioning of the pseudo-inverse problem, that were 

placed in the passive side measure acoustic (pressure) and structural (acceleration) responses 

The inputs of the system are the structural connections between the engine mounts (active subsystem) and 

the firewall (passive subsystem). The firewall is portioned in two areas, in the smallest one is localized the 

Input 1 and in the biggest one is localized the Input 2, as can be seen in Fig.3. One shaker that simulates 

the vehicle engine transmits vibration through of one bar in which are connected the mounts, which in 
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turn, transmit vibration to vehicle body. The measurement setup included force sensors on both 

mountings, for checking the load estimation methods robustness. 

The classical transfer path approach (load-response TPA) was adopted in this experimental test, in which, 

the loads were measured directly, by force transducer, and indirectly by the matrix inversion method. 

 

 

Figure 3: test setup (a) inputs positions, (b) targets positions. 

 

The mount stiffness method cannot be employed due to the characteristics of the present mounts which are 

rather stiff. Although in the most practical cases direct measurement of the loads cannot be obtained, due 

to the simplicity of this test bench it was possible to measure the inputs, which allowed the comparison of 

the direct and indirect load identification. 

In order to complete the TPA process, the first step is to obtain the NTFs of all the active paths. Therefore, 

the active subsystem was removed and the NTFs were measure by shaker excitation while measuring 

outputs at the targets and at the additional points. The next step consists of reconnecting the active 

subsystem and measure the responses at the targets location and additional points in operational condition. 

3 Results 

Two classical TPA models were built, one employing the direct loads measured data and other using the 

matrix inversion method to obtain the loads at the input points of the passive subsystem. 

The experiments have been conducted with a LMS SCADAS Mobile spectral analyzer, running LMS 

Test.Lab Rev 11B, specially the TPA module. The virtual engine excitation was provided by a MB 

Dynamics shaker M50, and the unassembled transfer path measurements carried out with a shaker Modal 

Shop K2007E01. The input forces and accelerations at the mount positions were measured with PCB 

impedance heads model 288D01. As the firewall is made out of a thin aluminum sheet (2mm) the 

additional acceleration points were measures with miniature accelerometers PCB 352A24. The passenger 

compartment can also be acoustically excited via the LMS miniature volume displacement source and the 

pressure field measured with B&K ¼” microphones type 4961 placed at the driver and back passenger 

head positions. 
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3.1 Direct load measurement 

In Figure 4, it can be seen that the results obtained by directly measuring the response at the target 1 

(driver´s head position) and the estimated response calculated by the TPA are quite close. The same can be 

seen in Fig. 5 which presents a comparison between the measured response and the estimated response to 

the target 2 (back passenger seat). 

 
Figure 4: Comparison between the measured and the estimated response at  

the target 1 - direct load measurement. 

 
Figure 5: Comparison between the measured and the estimated response at  

the target 2 - direct load measurement. 

Figures 6 and 7 show the contribution due to the two inputs to the total responses at the targets 1 and 2, 

respectively. As it can be seen, the main contribution to the total response at the targets in the frequency 

range between 50 and 175 Hz is slightly dominated by the input 2 (firewall greater partition).  However, 

above this frequency range, the input 1 (firewall smaller partition) is most dominant and for that reason 

contributes with a highest potion to total response. 

The color bars contribution displays in Figs. 8 and 9 give a quick overview of the contribution of both 

paths for a particular response position. As it can be seen, the total response at the targets and the 

contribution from the two paths, it is quite obvious that the most significant contributor to responses at the 

targets locations is the input 1. It can also be seen that the most critical contributions are present in the 

frequency ranges between 200 – 275 Hz and 350 – 450 Hz for both targets. 
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Figure 6: Contribution of the paths to total response at the target 1 – direct load measurement. 

 
Figure 7: Contribution of the inputs to total response at the target 2 – direct load measurement. 

 
Figure 8:  Contribution of the inputs to total response at the target 1 – direct load measurement. 
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Figure 9: Contribution of the inputs to total response at the target 2 – direct load measurement. 

3.2 Matrix Inversion Method 

Figures 10 and 11 show a good agreement between the responses obtained by measuring the acoustic 

responses at the targets 1 and 2 and the estimated responses calculated by the TPA. These results are also 

very similar to the ones obtained via the direct load measurement (session 3.1). 

 
Figure 10 - Comparison between the measured and the estimated response at  

the target 1 - Matrix Inversion Method. 

 

Figures 12 and 13 show the separate contributions of the two inputs to total response at the target 1 and 2, 

respectively. The input 1 (smaller firewall partition) is the most dominant and, for that reason, contributes 

with a highest portion to total response, as also predicted in the previous session. 
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Figure 11 - Comparison between the measured and the estimated response at the target 2. 

 
Figure 12 - Contribution of the inputs to total response at the target 1. 

 
Figure 13:  Contribution of the inputs to total response at the target 2 

50 600100 200 300 400 500150 250 350 450 550

Hz

0

100

10

20

30

40

50

60

70

80

90

d
BP
a

Measured Response         Target  2 - Matrix Inversion Method

Estimated Response

50.00 600.00100 200 300 400 500150 250 350 450

Hz

-20

100

0

50

-10

10

20

30

40

60

70

80

90

d
BP
a

Total Response             Target 1 - Matrix Inversion Method

Input 1 Contribution

Input 2 Contribution

50 600100 200 300 400 500150 250 350 450 550

Hz

-30

100

0

50

-10

10

20

30

40

60

70

80

d
BP
a

Total Response         Target 2 - Matrix Inversion Method

Input 1 Contribution

Input 2 Contribution

3558 PROCEEDINGS OF ISMA2012-USD2012



The color bars displays obtained by the Matrix Inversion Method are very similar to the ones obtained via 

the direct load measurement and are shown in the Figs. 14 and 15. 

 

Figure 14 - Contribution of the inputs to total response at the target 1 – Matrix Inversion Method. 

 
Figure 15 - Contribution of the inputs to total response at the target 2 – Matrix Inversion Method. 

3.3 Comparison between the methods 

Although the use of the force transducers to measure loads is the most effective method, it cannot be 

employed in the majority of the practical situations. The placing of force transducers between the active 

and passive subsystems requires space and the operational condition generally do not allow it [5]. Another 

important fact is that their presence can distort the local stiffness significantly, leading to inconsistent 

results.  Moreover, even if moment loading is neglected, the three main translational forces are frequently 

considered for each point and the transducer need to be able to measure them simultaneously [2]. In the 

cases where it is possible to employ direct measures, certainly this method should be preferred. 
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Figure 16 – Comparison between the loads obtained by measurement and Matrix Inversion Method. 

 

Therefore, in the majority of cases, where it is not possible to directly measure the loads, the matrix 

inversion approach is, probably, the most flexible non-parametric method available [1]. This method can 

be applied in all types of structural connections, an advantage when compared with other indirect methods 

such as the mount stiffness method that can only be applied to soft connections. In this sense, the proposed 

test bench provided an intuitive analysis.  

The drawback of the matrix inversion TPA method is the necessity of indicator points and the 

measurement of these indicators FRFs. Moreover, this requires the removal of the active component and 

the number of FRFs to be measured is rather high [6]. Choosing the indicators types and positions also 

requires some experience from the test engineer, as not every indicator will contribute as well to the 

conditioning of the pseudo-inverse problem associated with the matrix inversion method [1]. 

The TPA results obtained from both methods were very similar and this can be explained due to the fact 

that the load estimation by matrix inversion method is quite close to direct load measurement, as shown in 

Fig. 16. The system under study is an academic setup, with well controlled boundary conditions, low 

damping and linear time invariant sub-systems.  

4 Summary and Conclusions 

This paper demonstrated some experimental TPA analyses on a vehicle mockup. Two methods have been 

used to obtain the input loads: direct load measurement and Matrix Inversion Method. The results obtained 

in both cases are were very similar and indicated, in the same way, the most important path to total 

responses at the targets location. It was also possible to compare the loads obtained via direct 

measurement whit the loads obtained applying the Matrix Inversion Method and point out the advantages 

and disadvantages of each method. The response measured at each target position was also quite well 

predicted by both TPA analyses. As such, one can conclude that the test bench behaves in a predictive and 

intuitive manner, allowing its use as an academic tool to investigate different TPA approaches. Moreover, 

this system is currently being used as a demonstrator for active control system design and performance 

evaluation, and future work includes the combination of the TPA analysis and the control design. 
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