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1. Introduction
In this project, I will be examining methods of data collection and analysis to assess the noise, vibration and harshness of different mechanical systems. I will be looking to identify the primary excitation generator as a reference and highlight the possible excitation orders of various subsystems. Noise, vibration and harshness testing has been an important part of designing and developing automobiles and a major factor in quality assurance. NVH testing evaluates the noise and vibration of a system to ensure it meets performance, comfort and durability requirements. Excessive vibration can lead to wear and premature failure of components. Thus, regulations, such as the Motor Cars (Excessive Noise) Regulations (Vehicle Certification Agency, 2016) are put in place to ensure vehicles and machinery output permissible noise levels for the public consumer to be subjected to by accessing them. Conducting NVH testing early in the design process allows engineers to spot potential issues that arise and correct them before further work. It can also help the design optimization by supporting material choices and damping solutions. Manufacturers will use NVH characteristics to market their product, hoping to attract customers who prioritize comfortability and safety. The noise testing of products pays close attention to the sound levels and frequencies produced by engines, tyres or environmental interactions. Vibration analysis measures mechanical oscillations that may affect components or structures within the system. Harshness assessments evaluate the subjective perception of the combined impact of noise and vibration on the user comfort of the product. The audible frequency range of human is 20Hz to 20000Hz. However, if vibrations or noises occur outside this frequency range, we would not be able to detect it without the use of microphones.


2. Equipment
The main pieces of equipment used to measure noise and vibration in a mechanical system would be a microphone and accelerometer. Accelerometers are displacement-measuring acceleration sensors. They follow Newton’s Second Law: . A common type is a piezoelectric accelerometer which uses materials like quartz or ceramics to generate an electric charge when it is subjected to mechanical stress. When the sensor experiences an acceleration, the inner material experiences an applied pressure which produces a charge proportional to acceleration. Another common type is a magneto resistive accelerometer which uses magnetic fields to detect the displacement of a small ‘proof mass’ that responds to acceleration by displacing or deforming its surroundings. Sensor elements convert mechanical motion of proof mass into an electrical signal. A signal processing unit amplifies the electrical signal to produce a readable output. Equally as crucial, microphones are used in NVH testing to measure acoustic signals for further analysis. They involve sound wave interaction with a diaphragm that vibrates in response. This movement is converted into an electrical signal. In a condenser microphone, a backplate is used with a diaphragm to form a capacitor. When the diaphragm moves, the capacitance changes which creates a voltage signal. Some microphones use piezoelectric materials to produce an electrical signal when stressed by the diaphragm movement. Microphones are useful pieces of measuring equipment for interior and exterior noise, sound intensity and power analysis. Other uses include beamforming and acoustic imaging, frequency analysis, structural and airborne noise interaction. It’s important that the microphone has a wide frequency response to capture a wide range of sounds. High sensitivity is required to detect subtle acoustic signals in quiet conditions. Some microphones may also require a protective housing or screen to shield it from dust, heat or wind. The Nyquist-Shannon sampling theorem suggests it is important to ensure that the sampling rate of the equipment used is at least twice the highest frequency present in the signal (National Instruments, 2023). This is to avoid aliasing where high frequency signals are misread as lower frequency signals during the process of data acquisition.
Figure 1: Accelerometers (PCB, 2024)			Figure 2: Microphone (PCB, 2024)
[image: Noise Vibration and Harshness | PCB Piezotronics][image: Automotive Acoustics | PCB Piezotronics]

NVH measuring equipment do come with some limitations. Temperature can adversely impact the performance of accelerometers. Some are limited to a specific range of temperatures, although advanced models are capable of operating in an extended temperature range. For example, voltage output IEPE accelerometers can operate at up to 185°C but are more expensive than charge output accelerometers which have much higher operating temperatures of 250°C and 400°C for industrial accelerometers (djbinstruments, 2024). Ensuring that accelerometers are mounted correctly is critical to the accuracy of measurements taken by it. Improper attachment or misalignment can lead to altered frequency responses or add noise. Microphones are also sensitive to noise and distortion when converting acoustic energy into electric energy and producing a signal. Relying on physically moving parts make them prone to limitations that determine its frequency and transient response, its distortions and noises as well as its tonality (Audio Technology, 2020).

3. Generation or Order Locked Analysis
For this report, the mechanical system I have chosen is a gearbox assembly of a Honda CRF 400. The primary excitation generator for this assembly is the input shaft, spinning at a selected 6000 rpm. The inner ring of the primary bearings and combined gears are fixed to the shaft and will consequently spin at the same speed, meaning they are of the first order. When the dogs are engaged with the primary 1st gear, they drive it at the same speed as the input shaft. The primary 1st gear meshes with the output 1st gear but due to the difference of teeth resulting to a gear ratio of 1.565. This means that the output 1st gear is of the order 1.565 spinning at 9391 rpm. Since both output gears are fixed to the shaft they spin at the same rpm. Due to the output 2nd gear meshing with the input 2nd gear, the input 2nd gear spins at 4114 rpm.
Table 1: Order Locked Analysis on Gearbox Assembly
	Component
	Order
	Operating Freq. (Hz)
	Teeth
	Balls
	Ball ⌀
	Pitch ⌀

	Input Shaft
	1
	6000
	
	
	
	

	Primary Main Bearing Inner
	1
	6000
	
	
	
	

	Primary Main Bearing Balls
	1.57
	9449
	
	9
	6.35
	10

	Primary Combined Gear
	1
	6000
	
	
	
	

	Primary 1st Gear
	1
	6000
	23
	
	
	

	Output 1st Gear
	1.57
	9391
	36
	
	
	

	Output 2nd Gear
	1.57
	9391
	35
	
	
	

	Primary 2nd Gear
	0.69
	4114
	24
	
	
	

	Output Shaft
	1.57
	9391
	
	
	
	

	Primary End Bearing Inner
	1
	6000
	
	
	
	

	Primary End Bearing Balls
	1.42
	8504
	
	7
	6.35
	9

	Output Main Bearing Inner
	1.57
	9391
	
	
	
	

	Output Main Bearing Balls
	2.46
	14789
	
	14
	6.35
	10

	Output Bearing Inner
	1.57
	9391
	
	
	
	

	Output Bearing Balls
	2.22
	13311
	
	8
	6.35
	9










Figure 3: Gearbox Assembly
[image: A mechanical model of a machine

Description automatically generated with medium confidence]Primary excitation generator (input shaft)



4. Engine Operation NVH
For this report, a lab experiment was conducted involving NVH testing on a four-cylinder engine. We used three accelerometers, two being placed on the head with another on a mesh grid placed on the frame. A microphone was also used to collect acoustic data of each test run. The engine was run on one, two, three and all four cylinders, being slowly revved up to around 5500 rpm, before being slowly let off on throttle. A separate run was carried out for each iteration of active cylinders with the engine revved up to 6800 rpm before the throttle being reduced much quicker.
Figure 4.1: Accelerometers mounted to engine head
[image: A close up of a car engine
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AI 2











Figure 4.2: Accelerometer mounted to mesh cage
[image: A yellow plastic mesh on a metal pipe

Description automatically generated]AI 4

4.1 4 Cylinder Test
Using DewesoftX, we can analyze the collected data by displaying the recording channels as seen in figure 5.
Figure 5.1: Microphone and Accelerometer data from 4 cylinder test 1
[image: A screen shot of a computer

Description automatically generated]

Figure 5.2: Microphone and Accelerometer data from 4 cylinder test 2
[image: A screen shot of a graph

Description automatically generated]Steeper gradient of rpm decrease


Figure 6.1: AI 1 FFT Analysis from 4 cylinder test 1
[image: A screen shot of a computer

Description automatically generated]


Figure 6.2: AI 1 FFT Waterfall from 4 cylinder test 1
[image: A blue screen with white lines

Description automatically generated]35th  Order
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Figure 6.3.1: AI 1 Order Waterfall from 4 cylinder test 1
[image: A screen shot of a blue screen

Description automatically generated]2nd Order




Figure 6.3.2: AI 1 Order Waterfall 3D plot from 4 cylinder test 1
[image: A screen shot of a graph

Description automatically generated]Resonance


The red lines highlighting the curvature in the order waterfall plots of figures 6.3.1 and 6.3.2 identify harmonic resonance occurring. This shows that the natural frequency of the system is being matched by the noise of the engine.
Below are similar graphs for one of the accelerometers on the engine block.
Figure 7.1: AI 2 FFT Analysis from 4 cylinder test 1
[image: A screen shot of a graph

Description automatically generated]
As seen in figure 7.1, the most common frequency is 175Hz with a value of 666m/s2.
Figure 7.2: AI 2 FFT Waterfall from 4 cylinder test 1
[image: A screen shot of a computer screen
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Figure 7.3: AI 2 Order Waterfall from 4 cylinder test 1
[image: A screen shot of a blue screen

Description automatically generated]5th Order
2000 rpm
2nd Order
5500 rpm



As seen in the two figures above, a line is drawn at 180 Hz on both the FFT waterfall and Order waterfall plots. These corresponding lines follow through the same orders at a consistent frequency. In figure 7.3, the highlighted points show the 2nd order at 5500 rpm. Using this, we can calculate the frequency by 5500 / (60/2) to reach 183 Hz. A similar check can be done using the 5th order point at 2000 rpm. This gives us 166 Hz which is close to the target line. Similar areas of resonance appear on the AI 2 Order waterfall plot.

Figure 8.1: AI 3 FFT Analysis from 4 cylinder test 1
[image: A screen shot of a graph
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By looking at the FFT analysis of the other accelerometer on the engine block, there is evidence of a large amplitude of frequencies less than 1500 but also at the higher end of the range around 6000. We can view this in the FFT Waterfall plot below.







Figure 8.2: AI 3 FFT Waterfall from 4 cylinder test 1
[image: A screen shot of a computer

Description automatically generated]
Figure 8.3.1: AI 3 Order Waterfall 3D plot from 4 cylinder test 1
[image: A computer screen shot of a graph

Description automatically generated]Areas of resonance

From figure 8.3, we can identify areas of harmonic resonance which are highlighted in red on the plot having frequencies of around 180 Hz and 280 Hz. The highlighted activity around 6000 Hz in figure 8.2 is around the 65th order. We can show this in the order waterfall plot by increasing the maximum order as shown in the figure below.

Figure 8.3.2: AI 3 Order Waterfall from 4 cylinder test 1
[image: A screen shot of a blue screen

Description automatically generated]

Figure 9.1: Recorder Data
[image: A screenshot of a computer
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Taking a closer look at the recorded data in figure 9, we can see that the accelerometer mounted to the mesh grid on the frame gets excited around 3800 rpm and 5000 rpm. This is particularly intriguing as the accelerometer isn’t directly mounted to the engine and so something occurs at those rpm to excite the mesh with vibrations.
An FFT analysis of this data shows a range of low frequencies up to 900 Hz are prominent at around 3800 rpm. However, at ~5000 rpm there is a concentrated higher amplitude of frequencies between 160 – 180 Hz.




Figure 9.2.1: AI 4 FFT Analysis @ 5000 rpm from 4 cylinder test 1
[image: A screenshot of a computer

Description automatically generated]

Figure 9.2.2: AI 4 FFT Analysis @ 3800 rpm from 4 cylinder test 1
[image: A screenshot of a computer

Description automatically generated]
The peak activity around these rpms can be observed in the FFT and Order waterfall plots.

Figure 9.3: AI 4 FFT Waterfall 3D plot from 4 cylinder test 1
[image: A computer screen shot of a graph

Description automatically generated]

Figure 9.4.1: AI 4 Order Waterfall 3D plot from 4 cylinder test 1
[image: A computer screen shot of a graph

Description automatically generated]
Harmonic resonance can also be spotted in the order waterfall plot as seen in figure 9.4.2 below.


Figure 9.4.2: AI 4 Oder Waterfall from 4 cylinder test 1
[image: A screenshot of a computer

Description automatically generated]Areas of resonance


We can compare these results with the data acquired from the second test carried out on the engine where the throttle was released much quicker (see figure 5.2).
Figure 10.1: AI 1 FFT Analysis from 4 cylinder test 2
[image: A screenshot of a computer

Description automatically generated]
Figure 9.5 shows an FFT analysis of the microphone recording. Compared to the data in figure 6.1 from test 1, there is a generally higher amplitude for a wider range of frequencies, particularly at the lower end (100 – 700) and the higher end (3700 – 4500) of the plot.
Figure 10.2: AI 1 FFT Waterfall from 4 cylinder test 2
[image: A screen shot of a blue screen

Description automatically generated]36th  Order
2nd Order

By looking into the FFT waterfall plot, we can see that the second order is again most prominent which is most likely due to the exhaust having an excitation order of 2. However, there is yet another area of high excitation in the 36th order as depicted in both figures above and below. The areas of harmonic resonance are also highlighted in figure 10.3.
Figure 10.3: AI 1 Order Waterfall from 4 cylinder test 2
[image: A blue and yellow screen

Description automatically generated with medium confidence]36th  Order
2nd Order

Figure 11.1: AI 4 FFT Analysis from 4 cylinder test 2
[image: A screenshot of a computer screen

Description automatically generated]
The FFT Analysis of the accelerometer on the cage mounted to the frame shows peak excitation at 6000 rpm with frequencies of around 200 Hz having a higher amplitude than the recorded data from AI 4 in test 1.

Figure 11.2: AI 4 FFT Waterfall from 4 cylinder test 2
[image: A screen shot of a computer screen

Description automatically generated]6000 RPM
3800 RPM


Figure 11.3: AI 4 Order Waterfall from 4 cylinder test 2
[image: A screen shot of a computer screen

Description automatically generated]3800 RPM
6000 RPM

The waterfall plots of figures 11.2 and 11.3 also display areas of excitement at 6000 rpm.

4.2 3 Cylinder Test
After the first two tests on the engine, one of the fuel injectors was pulled out leaving the motor to run on three cylinders. Similar testing was conducted with the engine being revved up to 7000 rpm whilst firing on three cylinders. Using the data recorded from this test, similar graphs were able to be produced.
Figure 12.1 below shows an FFT analysis on the microphone (AI 1) which displays peak excitation of frequencies around 115 Hz at 7000 rpm. There is also a greater amplitude of high frequencies ranging from 3800 to 4400 Hz.
FFT and Order waterfall plots can also be plotted to display the orders and detect any faint areas of resonance occurring in the experiment.


Figure 12.1: AI 1 FFT Analysis from 3 cylinder test 1
[image: A screen shot of a computer

Description automatically generated]

Figure 12.2: AI 1 FFT Waterfall from 3 cylinder test 1
[image: A screen shot of a blue screen
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36th Order


The waterfall plots show distinct areas of excitation in the 36th and 72nd order.

Figure 12.3: AI 1 Order Waterfall from 3 cylinder test 1
[image: A screen shot of a computer

Description automatically generated]72nd Order
36th Order


Figure 13.1: AI 2 FFT Analysis from 3 cylinder test 1
[image: A screen shot of a computer

Description automatically generated]
Looking at peak rpm (7000), there are a series of frequencies with high amplitude among the middle range of 1500 – 4000 Hz and within the upper band of 5500 – 6700 HZ. However, the peak amplitude of 728.3m/s^2 is observed with the frequency 234 Hz.
Figure 13.2: AI 2 FFT Waterfall from 3 cylinder test 1
[image: A screen shot of a computer screen

Description automatically generated]

Figure 13.3: AI 2 Order Waterfall from 3 cylinder test 1
[image: A screen shot of a computer screen

Description automatically generated]
Compared to figures 7.2 and 7.3, there appears to be much higher activity in the upper rpm ranges as observed in the waterfall plots above. There is significant excitement in the 50th order and above when looking at the upper rpm and the areas of clear resonance are highlighted in addition.
Figure 14.1: AI 3 FFT Analysis from 3 cylinder test 1
[image: A screen shot of a graph

Description automatically generated]

Figure 14.2: AI 3 FFT Waterfall from 3 cylinder test 1
[image: A screen shot of a computer

Description automatically generated]



Figure 14.3: AI 3 Order Waterfall from 3 cylinder test 1
[image: A screen shot of a screen

Description automatically generated]
Looking into accelerometer AI 3, there is peak activity at 6700 rpm and as seen in figure 14.1, frequencies of around 1100 Hz have the greatest amplitude, followed by 200 Hz. Figures 14.2 and 14.3 display greater overall excitement than the 4 cylinder test waterfall plots shown in figures 8.2 and 8.3.2. There is yet again greater amplitude in higher frequencies above the 50th order as highlighted in the figures above. Similar to the 4 cylinder test, harmonic resonance is visibly present in the order waterfall plot.
Figure 15.1.1: AI 4 FFT Analysis @ 2700 rpm from 3 cylinder test 1
[image: A screenshot of a computer

Description automatically generated]
When examining the third accelerometer mounted to the cage on the frame of the engine, the peak excitement from it when firing on three cylinders is experienced during 3000rpm while the engine is accelerating and 2700 rpm while the throttle is being released. This is slightly lower to the results recorded in the four- cylinder test.
Figure 15.1.2: AI 4 FFT Analysis @ 2700 rpm from 3 cylinder test 1
[image: A screenshot of a computer

Description automatically generated]

Figure 15.1.2 shows the recorded vibrations at maximum rpm (7000). In this instance, frequencies around 230 Hz and 450 Hz have the greatest amplitude. However, they are not as high as the low frequencies produced at 3000 rpm.
When examining the FFT and Order waterfall plots in the figures below, they follow similar trends with the four cylinder tests with increased activity around 6300 rpm. Interestingly, the first order shows high amplitude at regions above 3700 rpm.


Figure 15.2: FFT Waterfall from 3 cylinder test 1
[image: A screen shot of a blue screen

Description automatically generated]3800 RPM
5000 RPM


Figure 15.3: Order Waterfall from 3 cylinder test 1
[image: A blue and red lines

Description automatically generated with medium confidence]Areas of resonance
1st Order

The accelerometer AI 4 followed similar trends in the second 3 cylinder test with peak areas of excitement at 3000 rpm while accelerating and 2700 rpm under deceleration. However, the test run did not reach maximum rpm which means we are unable to see activity at that upper range to compare with the first test.
5. Conclusion
In conclusion to this report, it can be determined that by interpreting the order locked analysis in part 4, running the engine on three cylinders proved to create more ‘noisy’ data with the peak amplitude of low frequency noise vibrations recorded by microphone AI 1 were higher in the three cylinder test data than the four cylinder iterations. There was certainly greater activity recorded by accelerometer AI 2, which can be observed when comparing FFT waterfall plots in figures 7.2 and 13.2. A key difference between the four cylinder tests was the increase in rpm the engine was taken to as this uncovered a range of frequencies excited at 6000 rpm picked up by accelerometer AI 4 which was mounted on the mesh cage. This is slightly different to the three cylinder test which saw the engine revved to 7000 rpm and picked up particularly high excitement at both 3800 and 5000 rpm. To improve the consistency of this lab experiment, I would have the engine revved up to the maximum rpm for every iteration.
When generating an order locked analysis on a gearbox assembly in part 3, one of the limitations I had while gathering dimensions were the ball diameters within the ball bearings. These were not included in the CAD model or ball bearing catalogues, so I had to make estimates to satisfy the equations for their speed. This, accompanied by the cage speed they rotate within allowed me to calculate their appropriate order.
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