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Abstract 
Clunk is a phenomenon observed with MT vehicles during high torque transient conditions after uncoupling 

the driveline from the engine. Decoupling of the clutch plate and flywheel in a step relaxation manner 

releases the stored potential energy within the driveline inducing clunk. This transient condition is observed 

in operating data of a six speed MT vehicle and post processed with both STFT and CWT. Each post 

processing condition struggles to highlight key features in the data due to time and frequency resolution 

compromises. These compromises will be compared and contrasted to develop an optimal strategy for 

processing operating clunk data. The resulting observations from STFT and CWT processed clunk data 

highlight specific frequency bands near powertrain rigid body modes and high frequency impulses due to 

the rate of step relaxation. It is shown that a modification of the step relaxation torque function modifies the 

resulting response with optimal relaxation time close to the shuffle mode period.  

1 Introduction 

Personal vehicle transportation has become the norm in developed countries and with increased demand 

comes high competition between vehicle manufacturers for higher market capitalization. Manufacturers 

must meet a large number of stakeholder needs, including demands for lower interior noise levels, which 

according to B. Wyerman et. al. shows a 0.3 dBA reduction per year between 1980-2000 [1]. There are 

several noise sources associated with passenger vehicles including the engine, transmission, differential, 

road, etc. which may excite phenomena such as boom, shuffle, clunk, whine, etc. [1] [2]. This study is 

interested in clunk transient vibrations that propagate from the manual transmission (MT). The noise is 

perceived as unnatural by operators, thus reducing stakeholder satisfaction of a particular manufacturer.  

The clunk transient analyzed in this study is driven by a geometric non-linearity due to gear tooth backlash 

[3] that excites clunk through a torque reversal within the vehicle driveline [4], as shown in Figure 1. This 

non-linearity is described by a Hertz contact stiffness model similar to that used in [5]. A torque reversal 

occurs when the torsional input to the driveline switches between the engine and the brakes/road. The engine 

provides torque during acceleration events while the brakes/road provide torque during coast or deceleration 

events. A rapid succession of torque reversal occurs in MT vehicles when a fixed gear shift is demanded, 

which decouples the torque input from the engine to allow for a gear shift. This creates a torque reversal 

due to road contact while the engine is decoupled from the transmission. Decoupling of the clutch also 

releases any stored potential energy due to windup of the driveline, which influences the impact amplitude 

[6]. Initiation of clunk, shown in Figure 1, during vehicle acceleration was achieved by decoupling the 

clutch thus inducing a surge in Engine RPM and release of driveline windup. The release of potential energy 

led to driveline oscillations in the Propshaft causing impact excitation through the gear components as 

depicted by the Trans Accell in both First and Second gear. It is well known that impact excitation has 

broadband frequency content [7]. Thus broadband excitation has the potential to induce modal response of 

nearby components if there is low mechanical impedance and sufficient energy transfer.  
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a) b) 

Figure 1: Operating Clunk Data Captured in a) First Gear and b) Second Gear 

Clunk was observed in vehicle operating conditions, as shown in Figure 1, which comes with many hurdles 

to overcome when data post processing. Due to the non-stationary condition, time data was collected during 

operation and post processed with Time-Frequency Analysis (TFA) techniques to better understand 

frequency content, modal participation, and correlation between transducers, similar to Transfer Path 

Analysis (TPA). TFA techniques such as the Short Time Fourier Transform (STFT) and Continuous 

Wavelet Transform (CWT) are used to identify frequency content excited during the non-linear clunk event 

from operating data [8] [9]. Similar applications of TFA were done to predict piston slap [10], engine knock 

[11], estimate Frequency Response Functions (FRF’s) [12], predict damping [13], and perform modal 

analysis [14].  Each technique was applied to the same data set, but with differing results due to 

shortcomings of each transform which will be discussed in Sections 2 and 3. There will also be proposed 

criteria to use when computing TFA, particularly with the STFT due to data processing requirements.  

To acquire data for this analysis, a test sedan equipped with a V8 engine, six-speed MT, and Rear Wheel 

Drive (RWD) similar to that modeled in Figure 2 was retrofitted with accelerometers and microphones to 

capture operating data. Two accelerometers were mounted on the transmission, two were mounted on the 

differential, a tachometer was mounted on the propshaft, and a microphone was placed in the vehicle cabin 

near the driver’s ear. Previous studies on this vehicle were able to identify some of the low frequency modes 

of the vehicle shown in Table 1 [4]. TFA was applied to the data and used to identify participation during 

vehicle operation. This led to a better understanding of which modes the clunk event excites and indicates 

further analysis of the excitation forcing function.  

Mode Natural Frequency 

1st Gear Driveline Shuffle        7.0 Hz 

2nd Gear Driveline Shuffle      10.0 Hz 

Transmission Roll      19.5 Hz 

Differential Roll      63.5 Hz 

Differential Pitch      55.0 Hz 

Front Propshaft 1st Torsional     1111 Hz 

Rear Propshaft 1st Torsional 1557.5  Hz 
 

Table 1: Truncated List of Known Modes and Natural Frequencies of the Test Vehicle 

Engine Surge Engine Surge 

Driveline 

Oscillations 

Clunk Impacts 

Driveline 

Oscillations 

Clunk Impacts 
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Figure 2: Example RWD Lumped Parameter Model of Test Vehicle Drivetrain 

In Section 2, the background for TFA including STFT and CWT formulations are presented along with 

processing considerations when applied to a clunk dataset. In Section 3, the processing considerations are 

compared and contrasted for improved identification of participating modes of the passenger vehicle during 

clunk. Further discussion is made in Section 4 to the application and techniques. Section 4 also includes 

analysis based on an understanding of the TFA results and implied torque excitation. Analytical results are 

shown based on the torque excitation when applied to a lumped parameter model for improved vehicle 

response.  

2 Time-Frequency Analysis 

2.1 Short Time Fourier Transform (STFT) 

The STFT is the application of the familiar Discrete Fourier Transform (DFT) in multiple successions when 

applied to a continuous time signal. The result of this transform projects from the time domain to the 

frequency domain which contains spectral information contained in the period of the transformed time 

signal. The complex DFT for a single sided, positive frequency spectrum is described below in Equation 1 

as [7]: 
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When applied to a signal with time longer than 𝑁∆𝑡, a unity window function, Uniform window, is 

convolved in the time domain with the time signal and Fourier kernel described in Equation 2 as: 
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With any signal subjected to the DFT, there are signal processing limitations for time and frequency 

resolution dictated by sampling parameters chosen for acquisition and processing. In the analysis performed 

on the previously mentioned clunk data, the sampling frequency was selected when acquiring data and was 

therefore fixed (consequently fixing the time resolution as shown in Equation 3). Thus the only parameter 

left to choose is either the frequency resolution, sampling period of the STFT, or number of samples to 

compute each STFT. These are a product of the DFT development and described in Shannon’s Sampling 

Equations presented in Equations 3-4: 
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From Equations 3-4 the relationship of frequency resolution and time resolution are shown to be dependent 

of one another when the sampling frequency has been previously fixed. This limitation further shows that 

with the STFT, there is a compromise in frequency and time resolution. The compromise is similar in theory 
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to the Heisenberg uncertainty principle due to wave-particle duality. This similarity results in the Gabor 

limit [15] as described by Equation 5: 

 08.0
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The Gabor limit provides a fundamental principal causing strain on the desire for both improved time and 

frequency resolution, however several other factors cause error in the STFT from non-stationary data. This 

is ever present in operating data of rotating machinery, i.e. passenger vehicle. During operation, many orders 

of the engine sweep up or down in frequency with time causing non-periodic frequency content, or in the 

case of clunk, where non-linearities are present and therefore cause leakage. An example of signal leakage 

is depicted in Figure 3 along with signal processing applied to reduce these effects.  

a) 

 

b) 

c) 

 

Figure 3: Transmission Accelerometer Response During Clunk Transient 

2.1.1 Windowing 

Leakage due to non-periodic frequency content in the operating data can never be eliminated, only reduced 

by the window functions applied. A uniform window should only be used with extreme caution on operating 

data however, hanning, flattop, and other windows can be applied with ease during the STFT as described 

by Equation 6: 

      twtgtg w *  (6) 

The choice of which window function should be applied is up to the data processor based upon the measured 

signal. The data shown in Figure 3a is raw data from one of the accelerometers mounted to the transmission 

(previously depicted in Figure 1) and is a truncated dataset during the clunk event. The data is sectioned 

into several separate periods in Figure 3b that will be used for individual DFT processing to develop the 

STFT. In Figure 3c, a window is applied to the data to enforce periodicity and reduce leakage. Notice that 

the choice of window for clunk application is important to capture the entire transient event without 

truncating the peak amplitude of each consecutive impact from gears completely traversing their lash zone.  

It is further noted from Figure 3c that not each windowed period is able to capture clunk in the center of the 

period, causing truncation of the amplitude and in some cases the impact is eliminated by application of the 

window. It might then be desirable to choose a trigger time that captures the first impact after which all 

other impacts should fall in the center of each STFT sample period, however due to the non-linear nature of 

clunk this is not possible without a dynamic trigger event. After every consecutive impact, non-conservative 
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forces dissipate energy and the time between impacts increases over time such that a dynamic period length 

would be required to achieve this goal and is not achieved in classical implementation of the STFT.  

2.1.2 Overlapping 

One technique to overcome the amplitude truncation is through the use of overlapping periods of the STFT 

as shown in Figure 4. The application of overlapping assures that when the clunk impact amplitudes are 

truncated by windowing an arbitrary period of the STFT, consecutive windows nearby have a better chance 

of capturing the complete impact event with minimal truncation. 

 

Figure 4: Truncated Acceleration Trace with a) Overlapping Applied b) Overlapping and Windowing 

Applied c) Overlapping, Windowing, and Weighting Applied to Consecutive Periods for Averaging 

2.1.3 Averaging with Overlap 

Application of the overlapping periods during the STFT implies a need for averaging consecutive periods 

that overlap in the time domain, 𝑡𝑜𝑣𝑒𝑟𝑙𝑎𝑝𝑝𝑒𝑑. It is noted in Figure 4 that a relationship exists between number 

of periods and amount of overlap applied, 𝑇𝑜𝑣𝑒𝑟𝑙𝑎𝑝. This criterion is described by Equation 7 as: 
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Hence, when averaging overlapped data sets, the number of periods to average together should not exceed 

the inequality proposed in Equation 7. Note that when averaging with unity weighting applied to all 

averages, this technique replicates that of a smoothing function.  

Commercial application of the windowing and overlapping of data is available in several software packages 

with internal functions such as MATLAB’s spectrogram(), Mathmatica’s spectrogram[], and LMS.Test Lab’s 

TFA, STFT plugin. However, these functions currently do not have available averaging and weighting 

abilities applied to the overlapped data. One additional advantage of averages with the time data allows for 

development of cross-spectral information and pseudo-coherence measurements of the STFT results.  
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2.2 Continuous Wavelet Transform (CWT) 

The application of the CWT is defined by convolving a mother wavelet with the time domain signal 

described in Equation 8 as: 
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Application of the CWT with the Morlet Kernel will be used in this paper described by Equation 9: 

  
22 2// TtTntj eet    (9) 

Use of the Morlet-CWT is likened to applying a band pass filter to the time signal. The result is a signal 

representing the solution presented at the band pass center frequency. This can be a computationally 

demanding process, however the CWT captures both time and frequency tradeoffs with one result. The band 

pass center frequencies of the CWT increase logarithmically, therefore the bandwidth increases respectively. 

Thus at low frequency there is low time resolution but high frequency resolution while the converse occurs 

at higher band pass center frequencies. To achieve improved frequency resolution at low band pass center 

frequency, more “filters” are applied (referred to as voices per octave). There becomes a limit at such high 

number of voices per octave that the practical filter design or implementation of the Morlet Kernel will 

result in overlapping of the band pass frequencies and thus no further advantage is achieved with increasing 

voices per octave.  

3 Clunk Analysis with TFA 

 

Figure 5: Truncated Section of Time Data for TFA to Identify Mode Participation 

One sample of data collected is presented in Figure 5 which represents the acceleration response of the 

transmission during clunk excitation. There are several impact events that occur around with high amplitude 

that are of interest. Prior to the impact events, there will be many engine orders participating in the frequency 

spectrum. Apart from engine orders, it is desired to observe which frequencies/modes are not participating 

prior to the clunk impacts but begin to participate due to clunk excitation.  

3.1 STFT: Influence of windowing 

It is shown in Figure 6 that the resulting spectrogram with no overlapping begins to show broadband 

impulsive data with the excitation of clunk. A majority of the response is not visually appealing, however, 

and there is not an appreciable amount of information to be extracted from a non-overlapped STFT. The 

application of windowing begins to highlight certain orders in the low frequency range along with decisive 

impact events instead of one large smeared impact.  

Clunk Impacts 
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Figure 6: STFT with Common Window Functions Applied 

3.2 STFT: Influence of overlapping with windows 

The spectrogram observed in Figure 7 applies overlapping along with application of a window function 

from Figure 6 to reduce leakage and improve data post processing of the STFT. Figure 7 reveals that with 

increased overlapping, an increase in time resolution is gained in the spectrogram even without modifying 

the time resolution of the individual DFT itself. With high overlapping, the impulse responses are clear, 

along with several engine orders. This is observed not only in the low frequency range but in the mid 2-3 kHz 

range as well. Overlapping further shows how upon excitation of the clunk transient, there is a high 

amplitude broadband response from 500-5000 Hz that dominates the overall response of clunk. This depicts 

why clunk is perceived audibly as unpleasant due to the impulsive nature. One drawback is the identification 

of low frequency modes is desired but not separated by only overlapped and windowed STFT results and 

will be discussed further in Section 4.  

 

Figure 7: STFT Continued with Overlapping Periods Applied. 

Impact Events Engine Orders 

Impact Events 

Impact Events 
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3.3 STFT: Influence of averaging with overlapping and windows 

 

Figure 8: STFT Continued with Averaging of Overlapped Periods 

Windowing and overlapping of the STFT is further post processed in Figure 8 with the addition of averaging 

several periods of the spectrogram together as a way to ensure each measurement fully captures any 

impulsive data in nearby periods. The application of averaging appears to act as smoothing of the 

spectrogram, which makes the impulsive data smear across the time spectrum when the inequality described 

by Equation 7 is exceeded. Thus when averaging is applied to STFT analysis, the inequality should not be 

surpassed. 

3.4 STFT: Influence of Weighted Averages 

 

Figure 9: STFT Continued with Weighted Averaging 
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The application of averaging is further improved by creating a weighted average of the periods used in 

averaging. There are many approaches to averaging such as uniform, linear, logarithmic, exponential, 

Gaussian, etc. The choice of exponential averaging is due to the non-linear and impulsive behavior of the 

data. With an exponential window, the very last period of data observed has the highest weighting applied 

and is therefore emphasized most. In the event that the final average period contains a majority of the impact 

event information, it will be windowed and emphasized with less smearing of impacts, as shown in Figure 

9, and consequently is the weighting scheme applied in Figure 4c. 

When considering the convolution to compute the STFT function, similar to the data truncation in Figure 

4a, it is observed that a peak transient event lands in the center of a sample period once or twice during a 

number of averaged periods. The periods in which it lands in the center will occur near the middle of the 

averaged periods, thus intuition would lead to emphasizing the middle samples and not the final sample as 

done with exponential averaging. It is shown in Figure 9 that the application of a Gaussian weighting 

function that will emphasize the middle periods does improve impact smearing and an overall better looking 

spectrogram above those computed with no averages in Figure 8. One caveat is that the time stamp applied 

to the time averaging must be modified to reflect the new emphasis on the middle periods used for averaging 

the spectral content.  

3.5 CWT: Influence of VPO 

The CWT shown in Figure 10 shows similar results to that of the STFT with mixed tradeoff of frequency 

and time resolution. It is also observed that the increase in number of voices per octave increases the 

appearance of the CWT but in the current implementation it does not capture the impulse events effectively. 

It also shows that at low frequency there appears to be significant band pass filter overlap. This results in 

low frequency resolution of the frequency content analyzed for vehicle modal response during clunk 

excitation. The CWT is often useful in NVH implementation; however, it does not appear to have clear 

benefits over STFT when applied to non-linear clunk transients.  

 

Figure 10: Analytical Morlet-CWT with Varying Voices per Octave 
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4 Results and Discussion 

4.1 TFA Results and Discussion 

A summarized development of STFT improvements is observed in Figure 11 while focused on low 

frequency content. Note that the frequency scaling decreased from 0-5000 Hz to 0-100 Hz. To create the 

image shown in Figure 11, the time resolution was decreased while frequency resolution was increased in 

accordance with the Gabor limit and Shannon’s Sampling Equations. The original spectrogram with no 

overlapping, windowing, or weighted averaging is very poor and slightly indicates first order of the engine 

sweeping up in frequency and poor indication of low frequency (0-50 Hz) participation. The application of 

windowing and overlapping improves the spectrogram resolution, however the addition of a weighted 

average with Gaussian weighting and number of averages in accordance with Equation 7 further refines the 

spectrogram.  

Figure 11 with windowing, overlapping, and weighted averages indicates low frequency excitation near 20 

Hz. This corresponds to the transmission roll mode from Table 1. This mode participates slightly during 

acceleration during half engine order excitation, followed by excitation after the clunk impulses. Similar 

application to the differential accelerometer trace reveals peak excitation near 36 and 48 Hz, lower than 

expected for the differential modes. However, the modes presented in Table 1 were measured in a laboratory 

setting where ambient temperatures were much lower than operating temperatures. Thus the elastomer 

mounts of the RDM were expected to decrease in stiffness with increase in temperature lowering the 

differential modes.  

 

Figure 11: Low Frequency Analysis with Improved STFT Results 

Overall the STFT and CWT both indicate how different frequencies are present over time when processing 

non-linear data. Application of the CWT was shown to be ill fitting to the non-linear data as shown in Figure 

10. Further understanding of the Morlet Kernel illustrates that it is suitable for linear systems because the 

Kernel itself is similar to that of a burst chirp sinusoid. Future analysis of clunk data with CWT should 

investigate additional Kernals with better application to non-linear data.  

It was shown through Section 3 that data post processing methods applied to the STFT improve the results 

obtained and assist in identifying impact events along with low frequency excitation of non-linear time 

varying data. The application of windows reduces leakage of the individual DFT computations and should 

always be used in best practice with non-stationary data as shown in Figure 6. Further refinement of period 

20 Hz Excitation from Clunk ½ Engine Order Excitation 
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overlapping improves the spectrogram time resolution without effecting the DFT time resolution depicted 

in Figure 7. It also reduces the amount of amplitude truncation caused by windowing that occurs when 

impulsive behavior in the time domain is near the beginning or end of a period and forced to zero for 

periodicity by the window function as observed in Figure 3. Implementation of an averaging technique 

smooths out the spectrogram in Figure 8, however too many averages leads to high smearing and thus a 

decrease in appearance of the resulting STFT. A weighting function applied along with the averaging 

technique and corresponding Equation 7 yields the best results as shown in Figure 9 and Figure 10 when 

used with all other STFT refinements previously identified.  

4.2 Improved Vehicle Response with Modified Forcing Function 

Observing the improved TFA results provides an indication of both the high and low frequency content 

during clunk as shown in Figure 6-Figure 11. The signal processed depicts the receiver’s response to the 

operating forcing function. It is understood that the excitation was driven by a decoupling of the engine 

torque input as a type of step relaxation function. To understand the implications of the step relaxation 

function, three analytical torque signals were developed in Figure 12.  

 

Figure 12: Clutch/Engine Torque Input and Step Relaxation 

The individual torque signals in Figure 12 are similar with increasing torque during vehicle acceleration, 

however they differ in rapid relaxation time of the torque input. The time it takes for torque to fully decay 

to zero occurs in 20, 100, and 500 ms as shown in Figure 12. This correlates to real world application of the 

clutch pedal, which decouples the engine and driveline causing a step relaxation of torque input. TFA of the 

varying torque relaxation functions reveals how a rapid clutch decoupling induces broadband frequency 

content as shown in Figure 13. The 20 ms relaxation shown results in the shortest transient of frequency 

content, however, it has more excitation propagating into higher frequencies. The opposite occurs with the 

500 ms relaxation which results in drawn out low frequency excitation over time with less high frequency 

excitation. Thus, Figure 13 shows, in theory, slower step relaxation of the clutch pedal and torque 

decoupling results in less high frequency content induced in a clunk transient.  

An analytical implementation of this technique was performed on a lumped parameter model of the test 

vehicle used during data acquisition, similar to Figure 2. The output of the lumped parameter model was 

given in pk-pk driveshaft oscillations which were shown to correlate with increased pk-pk transmission and 

differential accelerometer measurements in [4] and depicted in Figure 1. The results for varying clutch step 

relaxation time is depicted in Figure 14, and concludes that longer step relaxation times result in lower pk-pk 

oscillations. This correlates to lower acceleration excitation previously observed during clunk in Figure 
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6-Figure 11. It is further noted from Figure 14 that there is a dip in pk-pk oscillations noted at the 86 ms 

step relaxation time which is equivalent to an 11.6 Hz frequency of relaxation. Recall from Table 1 that this 

dip occurs near the driveline shuffle mode frequency. This highlights that as the relaxation of the clutch 

torque is released at a period approaching the shuffle mode frequency, there is a reduction in shuffle leading 

to lower clunk transient in the vehicle driveline.  

 

Figure 13: STFT of Engine/Clutch Torque Step Relaxation 

 

Figure 14: Pk-pk Driveshaft Oscillations Induced by Varying Engine/Clutch Torque Step Relaxation 

5 Conclusions 

This study showed how both STFT and CWT can be applied to extract frequency content from long time 

traces of non-stationary operating data. It revealed several strategies for the STFT common in signal 

processing such as windowing, overlapping and weighted averaging to improve the resulting spectrogram. 

An inequality was developed for the maximum number of weighted averages to be used when applied to 

the STFT and should not be exceeded during application of averaging. Results were compared when applied 
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to real life clunk transient data which revealed participation of the transmission roll mode as well as 

differential pitch and roll modes excited by the impulses. The impulses also indicated broadband frequency 

excitation of 500-5000 Hz, the metal to metal impact events that create a negative perception on vehicle 

quality.  

The results of TFA also indicated low frequency content excited during clunk by release of the clutch pedal 

during operation. The clutch pedal release was modeled as a step relaxation function with varying time to 

achieve full relaxation and analyzed through TFA for its implications on operating data. It was shown that 

rapid step relaxation induces more broadband frequency content in the system, which correlates well with 

the measured response data analyzed. The various step relaxation functions were applied to a lumped 

parameter model of the test vehicle and shown to reduce the effects of clunk with lower pk-pk driveshaft 

oscillations. The optimal response was observed when the relaxation time approached the period of the 

driveline shuffle mode. 
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