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the smoothed signals of the KBL and severe knock cases. 

The repeated high�amplitude fluctuations in the severe 

knock cases indicate that knocking occurred consistently. 

Note that the KBL and severe knock signals in Figure 2 

were not obtained simultaneously but in two different runs.�

Fast Fourier transform (FFT) was applied to the signals 

to convert them from the time domain to the discrete 

frequency domain. Figure 3 shows the frequency�domain 

power spectrum of the KBL case at the 2000/4 point. Note 

that 2,000 rev/min is equivalent to 33.3 Hz. The 66 Hz 

component could have originated from the expansion stroke, 

which occurred twice per revolution in a 4�cylinder engine. 

The 133 Hz component could belong to some event that 

occurred four times per revolution, for example, valve 

operation. None of the high�frequency components were 

significant. However, the severe knock case contained 

high�frequency components at approximately 8 kHz, as 

shown in Figure 4. Since human ears can detect sounds 

ranging from 2 to 20 kHz, the 8 kHz components must have 

been the ticking sounds that the operator identified as the 

knock sounds. The 66 Hz component was not present in the�

�

�

�

�
���� ��� ��
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Run#�

Max�

(V)�

Min�

(V)�

Mean�

(V)�

RMS�

Dynamic 

range�

Crest 

factor

1� 0.37� �0.37� �2.1E�05 0.051� 217� 17.3

2� 1.02� �1.00� �1.3E�05 0.084� 171� 21.7

4� 0.71� �0.74� �2.1E�05 0.120� 174� 15.4

5� 1.02� �1.04� 1.7E�06� 0.102� 159� 20.1

7� 0.84� �0.86� �2.5E�05 0.150� 145� 14.9

8� 1.12� �1.07� �1.9E�05 0.113� 180� 20.0

�

�

�

Figure 2. (a) Raw and smoothed signals of the KBL case; 

(b) Raw and smoothed signals of the severe knock case; (c) 

Smoothed signals of the KBL and severe knock cases.�

severe knock case. These results indicate that the severe 

knock consumed most of the fuel and air mixture, and the 

main combustion event was substantially weakened.�

The spectral analysis was continued to compare the KBL 

and severe knock cases in their frequency domains. Note 

that the signal contained only the components between 20 

Hz and 20,000 Hz, which is the audible range of human 

ears. Figures 5 ~ 7 show that a common discrepancy 

between the two cases was found in the 30% range, which 

corresponds to 8 kHz. The greater magnitudes at 75 ~ 80 % 

normalized frequency differed the KBL cases from the 

severe knock cases at 1500/6 and 2000/4 points. Meanwhile, 

Figure 5 shows that the severe knock case at 1500/4 point 

exhibited as greater power spectrum as the KBL case. The 

power spectra of the severe knock cases consistently 

contained frequency components higher than the 80 % 

normalized frequency of 20,000 Hz.�

�

�

�

Figure 3. Power spectrum of the 2000/4 KBL case.�

�

�

�

Figure 4. Power spectrum of the 2000/4 severe knock case.�

�

�

�

Figure 5. Power spectrum with respect to normalized 

frequency at the 1500/4 point.�
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Figure 22. Filtered signals of the KBL and severe knock 

cases at the 1500/4 point.�

�

�

�

Figure 23. Filtered signal of an individual knock cycle at 

the 1500/4 point.�

�

�

The high�frequency sound occurred twice in each knock 

cycle, as shown in this figure. This two�peak, high� 

frequency sound was found in most knock cycles. The first 

high�frequency sound was followed by a stronger second 

high�frequency sound. The 25CA separation might be too 

large to consider the two peaks as autoignition of the end 

gas and subsequent knocking throughout the entire 

combustion chamber.�

Autocorrelation is an effective technique for determining 

signal characteristics. It has been used in various types of 

investigations, such as fault diagnosis (Nikula et al., 2020). 

Reliable fault detection features can be extracted by 

performing autocorrelation analysis (Pichler et al., 2016). 

Su et al. (2010) developed a fault diagnosis algorithm for 

rolling�element bearings based on autocorrelation analysis 

of vibration signals. Rafiee and Tse (2009) found that the 

autocorrelation of continuous wavelet coefficients is useful 

for detecting gear failure.�

In this study, similarities among the measured signals 

were investigated by using correlograms. Figures 24 ~ 29 �

�

Figure 24. Run#1 KBL at the 1500/4 point.�

�

�

�

Figure 25. Run#2 severe knock in Cyl�1 at the 1500/4 

point.�

�

�

�

Figure 26. Run#4 KBL at the 1500/6 point.�

�

�

show the correlograms of the low�frequency�band�filtered 

signals. The filter band was 10 ~ 100 Hz. This low� 

frequency band included the signal contents associated with 

normal combustion and engine revolution. For instance, the 

frequencies of normal combustion events were twice the 

frequencies corresponding to different engine speeds, for 

example, 50 Hz and 66.7 Hz for the engine speeds of 1,500 

rev/min and 2,000 rev/min, respectively. All cases, 

regardless of whether KBL or severe knock, exhibited high �
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