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[bookmark: _Toc184577340]Abstract
Noise, Vibration and Harshness (NVH) is a critical area that must be addressed in any engineering task, as it involves diagnosing and mitigating inefficiencies in a mechanical system to maximise user comfort. This report aims, firstly, to investigate NVH characteristics in a selected mechanical system by calculating excitation orders, identifying harmonic resonances, and evaluating measurement techniques.  Secondly, real recorded NVH data taken from an engine under different operating conditions will be assessed and analysed to explore the different NVH characteristics produced by various insufficient operating conditions. This study emphasizes the importance of precise NVH measurements in optimizing mechanical systems for performance and comfort.
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[bookmark: _Toc184577341]Introduction
Noise, Vibration and Harshness (NVH) significantly influence mechanical systems' performance, durability, and user experience. Vibrations from rotating components, harmonic resonances, and acoustic emissions can compromise system reliability and operational efficiency. Effective NVH analysis is essential to identify these issues and implement solutions.
The report is structured into two parts. The first explores NVH concepts and applies them to a selected mechanical system as an example. Section one also aims to explore measurement techniques used to identify the various concepts, such as excitation orders and harmonic resonances.
The second section of the report focuses on a case study. Using ‘Dewesoft’ software, Various data recordings can be analysed to plot FFT and Order locking analysis to identify the concepts discussed in section 1.


[bookmark: _Toc184577342]
Overview of NVH 
NVH is a critical aspect of vehicle performance that influences the driver's comfort and the vehicle’s durability. It represents the collective effects of sound and vibration produced in mechanical systems. These elements can directly impact the occupants through audible noise, and vibrations felt through the vehicle cabin or indirectly contribute to fatigue and failure of vehicle components. Noise and vibration are two significant factors that characterise ride comfort, quality, and reliability, so minimising unwanted noise and vibration plays a key role in creating a system.
[bookmark: _Toc184577343]Noise 
Two types of sound can be heard from a system: wanted and unwanted. Noise refers to the unwanted sound produced by various sources within an operating machine. In the case of a vehicle, these sources could be the engine, drivetrain, suspension, exhaust, etc. Wanted sound can be a good thing, such as from the engine, as it can contribute to the customer's quality perception. 
[bookmark: _Toc184577344]Vibration
Vibration relates to the oscillatory motion of components due to rotating and reciprocating parts, such as the crankshaft, piston, gears, and suspension system. Vibrations can originate from imbalances and irregularities in the mechanism/system that produces them, such as engine imbalances and component misalignments. In vehicles, unwanted vibrations are a problem as they can lead to user discomfort or be a sign of component failure. These vibrations can be felt through the contact points of the occupant, e.g., steering wheel, seat, door, etc.
[bookmark: _Toc184577345]Harshness
Harshness is the subjective measure of how uncomfortable or unpleasant vibrations or noise are when felt/heard by occupants. While noise and vibration are measured through objective metrics, harshness is typically evaluated through occupants' perception of discomfort or annoyance. The amplitude and frequency of vibrations, frequency content, and overall sound quality influence it. Reducing harshness involves minimising abrupt changes in vibration or noise that are perceived quality.



[bookmark: _Toc184577346]Mechanical System – Multi-Speed Drill
Disassembling a drill and analysing its planetary gearbox components helps us understand the system's mechanical function and its implications for performance, noise, vibration, and durability. Specifically, it allows us to analyse the gear ratios, as the tooth count is essential to determining the forces transferred and speed, which governs the frequency of the components. Thus, it helps us identify harmonic order.
[bookmark: _Toc184577347]System Overview
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[bookmark: _Toc184575645][bookmark: _Toc184575713]Figure 1 – Components of Multi-Speed Drill
The components shown in Figure 1 are separated into three stages, each containing one sun gear, a set of planet gears, a ring gear, and a carrier gear. The sun gear in stage 1 (in blue) is attached to the DC Motor, which provides the force to the gears.
The first sun gear acts as the input from the motor; the planet gears transfer that motion from the sun gears to the ring gear; the ring gear is typically stationary or in free spin unless moved into place to change the gear ratios. The carrier acts as the output for that stage/input for the next stage.
For this example, an input RPM of 3000 was chosen.
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[bookmark: _Toc184575646][bookmark: _Toc184575714]Figure 2 – Table of Drill Component Values
Figure 2 lays out the necessary details needed to calculate the frequencies of the sun and planet gears. The RPM used as the initial input into stage 1 was 3000RPM, a natural frequency of 50hz, which is essential for identifying excitation orders in the different components. These high-frequency vibrations can be catastrophic to the system if not dealt with properly, as high-frequency vibrations may cause micro-pitting on the various gears, leading to misalignment, wear, or material defects, which would amplify these forces, leading to more noise, vibration, and harsh handling of the drill, on top of fatigue failure of the components.
The Frequency of the stage 1 Sun gear, 650Hz, and planet gears, 561 Hz, indicates a high-frequency vibration. As the sun gear is also an exact multiple of the natural Frequency, with an excitation order of 13, it can cause intense vibrations at this RPM.
Throughout Stages 2 and 3, the frequency of both the sun gear and planet gears drops dramatically; this is because the drill is made to increase torque and thus decreases speed. However, the lower orders may still affect the components. The lower excitation order from the stage 3 components may produce uneven torque and reduced precision. However, neither stage contributes much to noise or vibration.
[bookmark: _Toc184577348]Affected Components
Various components may be affected by these vibrations and noises. The first is the ball bearing in front of the gear system. Although not seen nor used in this example, a ball bearing will generate frequencies and orders like the gears when used in a mechanical system. Since the job of bearings is to support the rotational motion of the gears and the carrier, they are highly susceptible to High-frequency vibrations, resonance with excitation orders, leading to increased load on the bearings, and finally, premature cyclic loading, which may lead to premature wear/failure.
The drill housing that supports the gearbox and motor is also susceptible to the effects of intense vibrations. One way is that vibrations are transmitted to the user through the housing. It may also develop cracks and deformations through prolonged exposure to cyclic loading.
In the context of the drill being used in this case, one of the most important components that needs to be considered is the drill bit, which is the final output component. Since the drill is made for torque, and so the frequency decreases through stages 1 through 3, the drill bit interacts with lower frequency components; however, for a drill made for speed, the drill bit could be interacting with very high harmonic orders of the other components, dramatically increasing the vibration. Even in this case, however, the low torque spec introduces risks of uneven torque delivery and fatigue of the drill bit during high resistance operating, all due to the lower harmonic orders.


[bookmark: _Toc184577349]Measurement of NVH Parameters
Accurate mechanical and acoustic vibration measurement is critical in Noise, Vibration, and Harshness (NVH) analysis. This chapter outlines the operational principles, measurement techniques, and sensors' limitations for measuring mechanical and acoustic vibrations. The correct choice of sensors and techniques ensures data collection reliability and enhances NVH assessments' precision.
[bookmark: _Toc184577350]Mechanical Vibrations
Accelerometer
Accelerometers are essential for measuring mechanical vibrations. They operate by converting mechanical motion (acceleration) into an electrical signal proportional to the acceleration experienced by the sensor. These sensors typically use piezoelectric, capacitive, or resistive materials to detect vibrations. A suspended mass inside the sensor housing moves relative to the structure under vibration, producing a measurable signal. This works based on Hooke’s Law, which states that the force needed to compress or extend a spring (F) is proportional to the change in distance of the spring (X), multiplied by the spring rate (K):
F = k*x
Combining this with Newton's second law:
F = ma
However, accelerometers are sensitive to environmental factors such as temperature and humidity. Improper mounting may introduce errors, and their frequency range limits their ability to detect vibrations outside specified bounds.
Several factors come into play when choosing accelerometers:
1. Sensitivity: whilst high sensitivity and power output are preferred, as sensitivity increases, so does the size of the accelerometer itself, and so a compromise must be made to limit the desired output.
2. Frequency Range: Ensure that whatever accelerometer is equipped can measure the total range of frequency measure, as interesting frequencies can be calculated at very high and unpredictable frequency values.
3. Noise: The noise level governs the lowest amplitude of the sensor will measure; therefore, a higher range will lead to increased noise measured
4. Temperature: Accelerometers, especially piezoelectric ones, are sensitive to temperature, 
Laser Surface Movement Detection
Laser surface movement detection offers a non-contact method for measuring vibrations, making it particularly useful in scenarios where physical contact might alter the vibration profile. It provides high precision in detecting minute surface movements. However, this method is expensive and requires a clean, stable environment free from dust or reflections that might interfere with the laser’s accuracy. Its setup complexity can also limit its widespread use in dynamic or high-vibration environments.
Rotational Vibration Sensors
Rotational vibration sensors measure torsional vibrations in rotating systems such as engines and turbines. These sensors provide detailed insights into rotational dynamics, enabling early fault detection and diagnostics. However, they are limited by their dependency on proper alignment and installation. Calibration errors or misalignment can lead to inaccurate measurements, and these sensors can be cost-prohibitive for smaller-scale applications.

[bookmark: _Toc184577351]Acoustic Air Pressure
Microphone
A microphone is the main sensor used to measure sound. Microphones are primary tools for measuring acoustic air vibrations. They detect air pressure variations caused by sound waves, with the diaphragm’s motion converted into an electrical signal. Various microphones operate differently. 
Condenser microphones offer high sensitivity and broad frequency response, which makes them ideal for detailed acoustic measurements. Dynamic microphones are robust and handle high sound pressure levels effectively. Though they both use a diaphragm to capture the sound and convert it to an electric signal, they use different electric principles to do so:
1. Condenser: When electrically charged, a condenser transforms an acoustic signal into an electric one by separating two plates and changing the capacitance.
2. Dynamic: When the magnet moves past the wire, an electric current is induced (electromagnetism). The diaphragm moves the magnet when sound waves interact with it.
 However, microphones are susceptible to environmental interference, such as wind or background noise, which can distort results. Their dynamic range constraints may also make measuring extremely loud or soft sounds challenging.
Pressure Transducers
Pressure transducers measure sound-induced pressure variations in confined spaces. They provide accurate measurements in environments where conventional microphones may struggle. However, these sensors are limited by their calibration needs and sensitivity to environmental conditions. Their operational scope is often narrower than that of general-purpose microphones, restricting their applications.
Array Microphone
Array microphones are employed for spatial mapping of acoustic fields, offering a comprehensive view of sound distribution in an environment. This capability is invaluable in NVH studies for detailed acoustic analysis. However, array microphones are complex to set up and require significant computational resources for processing the collected data. They are also more expensive than single-point measurement devices, limiting their use to high-budget projects.
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To obtain real noise and vibration data, tests were conducted using accelerometers and a microphone to measure the vibrations and noise from an engine under various operating conditions. 
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[bookmark: _Toc184575647][bookmark: _Toc184575715]Figure 3 – Microphone and Accelerometer placement during NVH Tests
A microphone was used and setup on the side of the engine, with an accelermoter placed on the safety cage to measure vibration of that compared to the vibration from the actual engine.
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[bookmark: _Toc184575648][bookmark: _Toc184575716]Figure 4 – Vertical and Horizontal axis Accelerometers
Figure 4 shows the setup and placement of 2 other accelerometers: the one on top measures vertical vibration, and the one on the left measures horizontal Vibration.
Four piston operation tests were done, each with one less piston firing than the last. For these four operating conditions, 2 tests were done for each condition: 1. A gradual increase and decrease in throttle, 2. A gradual rise in throttle and a sudden decrease.

[bookmark: _Toc184577353]Analysis of Results
To analyse these plots, only the four, three and one-cylinder operating conditions were used to analyse the difference between noise and vibration. The reason the 2-cylinder operating condition will be excluded is due to it being a less intense version of the 4-cylinder test, whereas 3-cylinder offers unique imbalanced operation, and 1-cylinder the same imbalance, however less intense, whilst illustrating how noise and vibration decrease with one fewer piston firing. 
[bookmark: _Toc184577354]Order Waterfall
Channel 1 – Microphone
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[bookmark: _Toc184490525][bookmark: _Toc184575649][bookmark: _Toc184575717]Figure 5 – Order Waterfall Plot of 4 Cylinder Operation, Channel 1
Figure 5 shows a dominant second order, with a value of 8.1Pa at 7000RPM, showing a frequency of 116.67Hz.
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[bookmark: _Toc184575718]Figure 6 – Order Waterfall Plot of 2 Cylinder Operation, Channel 1
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[bookmark: _Toc184575719]Figure 7 – Order Waterfall Plot of 1 Cylinder Operation, Channel 1

Channel 2 – Vertical Vibration
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[bookmark: _Toc184575720]Figure 8 – Order Waterfall Plot of 4 Cylinder Operation, Channel 2
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[bookmark: _Toc184575721]Figure 9 – Order Waterfall Plot of 3 Cylinder Operation, Channel 2
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[bookmark: _Toc184575722]Figure 10 – Order Waterfall Plot of 1 Cylinder Operation, Channel 2

Channel 3 – Horizontal Vibration
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[bookmark: _Toc184575723]Figure 11 – Order Waterfall Plot of 4 Cylinder Operation, Channel 3
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[bookmark: _Toc184575724]Figure 12 – Order Waterfall Plot of 3 Cylinder Operation, Channel 3
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[bookmark: _Toc184575725]Figure 13 – Order Waterfall Plot of 1 Cylinder Operation, Channel 3

[bookmark: _Toc184577355]FFT Waterfall
Channel 1
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[bookmark: _Toc184575726]Figure 14 – FFT Plot of 4 Cylinder Operation, Channel 1
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[bookmark: _Toc184575727]Figure 15 – FFT Plot of 3 Cylinder Operation, Channel 1
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[bookmark: _Toc184575728]Figure 16 – FFT Plot of 1 Cylinder Operation, Channel 1

Channel 2
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[bookmark: _Toc184575729]Figure 17 – FFT Plot of 4 Cylinder Operation, Channel 2

[image: A screen shot of a computer screen

Description automatically generated]
[bookmark: _Toc184575730]Figure 18 – FFT Plot of 3 Cylinder Operation, Channel 2
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[bookmark: _Toc184575731]Figure 19 – FFT Plot of 1 Cylinder Operation, Channel 2
Figure 19 shows more substantial peaks in the lower frequency range (<2000Hz), dominated by the Second Harmonic, indicating Vertical oscillations of the engine that correspond to the movement of the pistons.
Channel 3
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[bookmark: _Toc184575732]Figure 20 – FFT plot of 4 Cylinder Operation, Channel 3
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[bookmark: _Toc184575733]Figure 21 – FFT Plot of 3 Cylinder Operation, Channel 3
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[bookmark: _Toc184575734]Figure 22 – FFT Plot of 1 Cylinder Operation, Channel 3




[bookmark: _Toc184577356]Discussion of Major Features
Dominance of the Second Order
One of the most striking features across all configurations (1-cylinder, 3-cylinder, and 4-cylinder operations) is the consistent dominance of the second order in the order waterfall plots. This behaviour is particularly noteworthy because the second order aligns naturally with the firing frequency of multi-cylinder engines (e.g., 2-cylinder, 4-cylinder). Yet, it also dominates in the 1-cylinder operation, where this correspondence is less intuitive. You can also see how the second order does not gradually increase in intensity; it becomes the dominant order as soon as the engine starts, only growing in frequency as RPM increases, corresponding to the piston's motion.
Noise for Vertical Vibration
The noise observed in the FFT waterfall plots at frequencies from Channel 2 (Vertical Vibration) of approximately 2000 Hz and 6000 Hz and frequencies of 6000Hz to 8000Hz on Channel 3 (Horizontal Vibration) can be attributed to the engine's various mechanical and structural dynamics. These frequencies are notable across all operational configurations. These areas do not coincide with any component but are caused by irregularities in the gears and other similar elements that are transferring force. These irregularities could be caused by the shape of the gears, such as not being spherical enough and causing cyclic loading. The gear meshing causes the noise's shape, so different gear meshing could cause different order gear meshes. When making a mechanical system, if these noise placements were undesirable, such as being in the operating range, the design changes would have to be made to shift where noise would occur.
Increased Resonance at higher RPMS
The Order Waterfall plots for four-cylinder and 3-cylinder operation on channel 2 Indicate dominant orders appearing as engine speed increases. This could be due to the engine components vibrating at their natural frequencies, coinciding with specific orders. The sharp intensity indicates resonance conditions where the engine’s excitation frequency matches the natural frequency.
The three-cylinder contains much more intense resonance and orders, primarily due to the imbalance caused by one piston firing on its own at one moment and two firing together the next.
These resonance zones, however, aren’t as intense in the one-cylinder operation. This is to be expected, as the harmonic content generated by the engine is governed by the number of firing events, with only one cylinder firing; higher-order harmonics are suppressed because they are primarily driven by the sequential firing of all four cylinders. 
Conclusion
To Conclude, noise, vibration, and harshness are critical areas in any engineering project which involves a system with moving components, and investigations must be done to analyse the frequencies and harmonic orders of these components to avoid resonance and intense vibrations, which may lead to fatigue and wear to the components, but also undesirable effects on people, whether it influences view on quality negatively, or actual health affects due to intense vibration/noise. As seen in the order-locked analysis for the engine, noise and vibration can become incredibly undesirable very quickly if left unchecked, especially in particular situations where an engine may be damaged and operate similar to three-cylinder operation, but also any machine that operates with similar or worse unbalances.  
Careful consideration must be placed into how these investigations are done to choose the correct equipment for the criteria and software that’s capable of performing Fast-Fourier Transform and Order-Locked Analysis on the data to correctly identify orders and noise areas that have undesirable effects on people or the components.
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