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1. Introduction
Noise, Vibration, and Harshness (NVH) is a critical consideration in automotive development that focuses on how vehicle vibrations and acoustic pressure impacts vehicle safety, longevity and occupant comfort. Modern vehicles are complex mechanical systems with multiple potential sources of noise and vibration including the powertrain, road-tire interaction, aerodynamics, and various vehicle subsystems (Palash Shrivastava, 2024)

The three main components of NVH analysis are:
· Noise: Waves with frequency that are in the audible range, measured in decibels (dB). The audible range is from 20Hz to 20,000 Hz
· Vibration: Mechanical oscillations that can be felt at frequencies below 20Hz
· Harshness: The human perception of the combined noise and vibration waves

1.1 Importance to Automotive Engineering

Customer Satisfaction
NVH performance has become a key factor in the buyer's perception of quality. Studies indicate that up to 60% of customer complaints in premium vehicles relate to NVH issues. (Harrison, 2020). Poor NVH characteristics can significantly impact brand reputation and customer loyalty, particularly in the luxury vehicle segment. (Anon., n.d.)

Safety Considerations
Excessive vibration can lead to driver fatigue which will reduce the driver’s reaction time and is a serious safety hazard when on public roads. Poor NVH can lead to excessive noise in the cabin of the vehicle which is a distraction and can lead to stress/ anger over long journeys. Excessive vibration can accelerate wear on parts throughout the vehicle. Advanced vibration analysis can help identify potential mechanical failures before they become critical (Zhang and Liu, 2023).

Regulatory Compliance
The automotive industry faces increasingly strict noise emission regulations worldwide, particularly in urban areas. Laws such as the European Union’s Regulation (EU) No 540/2014 enforce strict limits on vehicle noise emissions (Anon., 2014). These rules mandate lower noise levels for passenger and commercial vehicles, creating added need for NVH to be a higher consideration in the engineering design process.

Electric Vehicle Considerations
The transition to electric vehicles presents new challenges in NVH engineering:
· The absence of engine noise means that previously masked sounds can now be heard.
· High-frequency noise from electric motors requires new approaches. (Bokulich, 2021)

1.2  Scope of This Report

This report investigates NVH characteristics through two main tasks:
TASK 1 Analysis of excitation orders, component harmonic resonance, and measurement techniques
TASK 2 Analysis of measured NVH data using order-locked analysis

2. TASK 1: INVESTIGATION OF NVH CONCEPTS
2.1 Mechanical System Analysis

For this analysis, I consider a flywheel-based pull-and-play car toy as my mechanical system. I chose this because of its relative simplicity and relevance in demonstrating NVH principles of excitation orders and harmonic resonance. The toy car utilizes a flywheel to store kinetic energy, which is then released to drive the wheels. This energy transfer mechanism introduces noise and vibration.

2.2 Excitation orders
Excitation orders describe the frequencies at which a subsystem produces noise or vibrations. These frequencies are often multiples of a fundamental frequency, known as harmonics. The subsystems and their excitation orders are below:
Flywheel:
· 1st Order: Rotational speed (RPM).
· 2nd Order: Harmonics due to structural imbalances or imperfections.
Gears:
· Noise generated by gear meshing.
· Higher harmonics caused by the gear mesh frequency.
Chassis and Frame:
· Amplifies vibrations from the flywheel and gears, particularly near its natural frequencies.
· Resonance-driven frequencies.
Wheels and Axles:
· 1st Order: Vibrations from rolling motion (wheel RPM).
· 0.5 Order (Wobble): A low-frequency vibration caused by slight tilts or shifts as the wheel spins, occurring at half the wheel’s RPM.

Table of Excitation Orders

	Subsystem 
	Order 
	Frequency Source 

	Flywheel 
	1 
	Rotational speed (RPM) 

	Flywheel 
	2 
	Harmonics due to imbalance 

	Gear Mesh 
	Multiple 
	Tooth engagement frequency 

	Chassis Resonance 
	Natural 
	System natural frequency resonance 

	Wheels 
	0.5
	Wobble (half wheel RPM) Wobble occurs when a wheel tilts or shifts slightly as it spins. This tilting motion introduces an additional vibration frequency that is half the wheel's rotational speed (RPM).

	Wheels 
	1 
	Rolling speed (wheel RPM)  





2.3  Component Harmonic Resonance
Natural frequency is determined by material properties and their geometry. It is the frequency at which the component naturally oscillates when it has been introduced to an external force. 

Component harmonic resonance occurs when the frequency of an external force matches or closely aligns with the natural frequency of the component, leading to an increase in the amplitude of the wave through a process also known as Superposition of waves. In the toy car if the vibrations from the flywheels 2nd order harmonic match the natural frequency of the chassis, the resulting resonance amplifies vibrations throughout the structure

https://www.acs.psu.edu/drussell/demos/superposition/superposition.html 

2.4  Components Affected by Harmonic Resonance:
· Flywheel: Imbalances or misalignments can resonate, creating severe vibrations that may damage bearings or connections.
· Chassis and Frame: Vibrations near the natural frequency cause the structure to resonate, amplifying noise and potentially causing material fatigue.
· Gears: Imperfections or uneven engagement generate harmonic frequencies, intensifying noise and vibration.
· Wheels: External vibrations matching the natural frequency of the wheels can result in resonance, increasing wear or performance issues.

2.5  Measurement of Mechanical Vibration and Acoustic Air Pressure Waves

2.5.1 Measuring Mechanical Vibration
Accelerometers measure vibrations. They measure vibration by detecting the amplitude and frequency of acceleration forces (m/s2). ​(Dey, n.d.)​Different types of accelerometers use different sensing elements. When subjected to vibrations, these sensing elements undergo deformation, generating an electrical charge proportional to the applied force. The most common sensors are a piezoelectric crystal or a micro electro mechanical system (MEMS). ​(Anon., 2024)​.  
Common sensors include:
· Piezoelectric Accelerometers: Use crystals that generate a charge when squeezed by vibrations.
· MEMS Accelerometers: use silicon structures that deform and generate a charge.

The accelerometer must be able to register the entire frequency range of the vibrations. It must be durable enough to cope with the higher end of frequency and it must be sensitive enough to pick up the lower end of frequency expected.

2.5.2 Measuring Acoustic Air Pressure
Microphones are tools for measuring acoustic air pressure waves in Pascals, converting sound waves into electrical signals electrical signals using a diaphragm and a backplate. The diaphragm vibrates in response to sound waves, creating an electrical output when it comes into contact with the back plate creating a variable capacitor. Most common types of microphones use capacitor or a MEMS. (Anon., n.d.).  Precision microphones, such as condenser types (Anon., n.d.), are particularly suited for NVH applications because they can pick up a wide frequency range and are able to capture low frequency hums as well as high frequency whines.

Common microphones include:
· Condenser Microphones: Uses a vibrating diaphragm to alter the charge in a capacitor, producing an electrical signal.
· MEMS Microphones: Miniature sensors ideal for precise and compact NVH measurements.

Microphones must be able to capture a wide range of sound frequencies (20 Hz to 20 kHz, the audible range). They also need to have high sensitivity to detect subtle low-frequency hums and sharp high-frequency sounds, essential for comprehensive NVH testing.

3. TASK 2: ANALYSIS OF MEASURED NVH DATA
3.1.1 Equipment
Data Acquisition System 
· Dewesoft NVH analysis software
· Synchronized multi-channel capability
Sensor Configuration 
· Engine casing accelerometer
· Vertical accelerometer
· Lateral accelerometer 
· Microphone
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3.1.2 Signal Processing Parameters
1. Sampling Configuration 
· Sampling rate must be at least double the frequency to give accurate readings
2. Testing Parameters 
· Test 1 – gentle increase from idle to 7000 RPM then gently back off to idle
· Test 2 – gentle increase from  idle to 7000 RPM then aggressively let off the throttle 
· Repeated both test 1 and test 2 with the engine running on 1,2,3 and 4 cylinders 



3.2 Analysis Process and Result

For each Test there are 4 channels as previously stated. For each channel I have produced up to 4 graphs to help me show the frequency of waves that each sensor collected, the excitation orders and any resonance that may have occurred. I have Fast Fourier transmission (FFT) graphs, FFT + Waterfall graphs and Order Tracking graphs. For each graph I have selected the axis limits to help me display the data as clearly as possible. I will use a mix of broad scope and narrow scope graphs to show what frequency the detected waves are and to look in more detail at the peak values.

Test 1 -4 Cylinder 
Channel 1 - microphone 

	[image: ]
Fig 1
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Fig 2
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Figure 1 and 2 show the data collected from sensor 1 (the microphone) in a graph of air pressure in Pascals (Pa) against Frequency in Herz (Hz). Figure 1 shows a broad range of frequencies and allows me to display that there is no significant presence of any sound waves over 500 Hz. In Figure 2 I have adjusted the frequency range which allows me to more accurately see that the main sound disturbance is at 97.66 Hz with an amplitude of 10.21 Pa.
Figure 4 clearly shows me that the 2nd order is most prominent, Using Dewesoft I found that the 2nd order corresponds to 3100 RPM and 103.33 Hz, aligning closely with the 97.66 Hz peak observed earlier 
Figure 4 shows clear vertical lines for certain orders which implies the acoustic pressure is not amplified by resonant system behaviour.
2nd order dominants suggest an imbalance in the system which is what we would expect from an engine running on only 1 cylinder.

	Order
	Frequency (Hz)(0d.p.)

	1
	52

	2
	103



Channel 2 – vertical
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As seen in figure 1 there is one dominant peak acceleration observed at a low frequency with insignificant acceleration at higher frequencies. 
At 2000 Hz, a secondary acceleration of approximately 50 m/s² is recorded and is the second highest amplitude in the data. The absence of other cylinders reduces the potential for wave interference, this explains why there is one dominant frequency in the data. The higher-frequency secondary ‘peak’ at 2000 Hz could be coming from the cam shaft, gear interactions or system resonance.  
Figure 2 looks at the peak acceleration in more detail and clearly shows that a peak acceleration of 356.9m/s/s is observed at 126.95 Hz.
The FFT + Waterfall graph clearly shows a high amount of resonance between 2000 Hz and 4000Hz and again at 6000 Hz. These resonances likely correspond to natural frequencies of components mounted to the engine.
The order-tracking graph shows clear 2nd order excitation, corresponding to 125 Hz, aligning closely with the dominant peak acceleration at 127Hz(0d.p.). A dominant 2nd order is seen again and points towards an unbalanced engine.
	Order 
	Frequency (Hz)(od.p.)

	1
	63

	2
	125



Channel 3 – lateral
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Figure 1 shows that below 2000 -3000Hz and between 5000 – 8000Hz, there is vibrations however the most significant acceleration values are below 2000Hz.

Figure 2 has been adjusted so I can more accurately display the frequencies that induce higher vibrations. The Peak acceleration of 252.5m/s/s has a frequency of 996.95Hz
Whilst vibration waves with frequencies between 2000 and 3000 Herz were registered by the accelerometer, they do not appear in the FFT + Waterfall graph. This is most likely due to the scale, they are insignificant (around 25 m/s/s) when compared to the amplitude of waves below 2000 Hz which have amplitudes as high as 252.5m/s/s. 
There is clear signs of resonance between 2000–4000 Hz and around 6000 Hz. These resonances likely correspond to natural frequencies of the some engine components, this could be anything from the header to the fuel delivery. 
The 16th order is at 3750 RPM and 1000Hz(0d.p.), the peak acceleration of 252.5m/s/s closely aligns with the 4th order.
	Order
	Frequency (Hz)(0d.p.)

	1
	62.5

	4
	250

	16
	1000



Channel 4 – casing 
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There is a dominant peak of 10.732m/s/s at 97.66Hz. this is significantly lower than the acceleration experienced at the accelerometer mounted on directly on the engine as expected. There is no sign of resonance from this graph. Order tracking graph shows that the 2nd order is the most dominant and corelates to a frequency of 95Hz which is verry close to the peak acceleration.

	Order 
	Frequency (Hz)(0d.p.)

	1
	48

	2
	95



Test 2 – 3 Cylinders 
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Unlike the one-cylinder data, where a single dominant peak was observed, the three-cylinder configuration shows multiple smaller peaks scattered between 0 Hz and 1000 Hz and between 3500 and 4500 Hz. This is likely due to Wave interference from other firing events.
Figure 3 shows patterns of resonance at higher frequencies between 4000 Hz and 4500 Hz.
Figure 4 identifies the 2nd order as the most dominant and has a frequency of 116.67 Hz, which closely aligns with the primary peak observed in Figures 1 and 2. This suggests that the engine is poorly balanced when running on 3 cylinders which is exactly what I was expecting to find. The 38th order is showing signs of excitement as well. 

	Order
	Frequency (Hz)(0d.p.)

	1
	117


The primary frequency is at 117.19Hz which aligns with the 1st order.

Channel 2 –vertical 
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Figure 1 shows that vertical vibration is induced at a large range of frequencies. Figure 1 also shows that when the engine is running on 3 cylinders there is a broader range of vibration waves, higher frequencies are producing higher acceleration than the 1cylinder test. Figure 2 presents the peak acceleration of 740.3m/s/s which occurs at a frequency of 224.61. 
The most dominant order is the 2nd order.
	Order
	Frequency(Hz)(0d.p.)

	1
	105

	2
	210


Peak acceleration occurs at 224.61 Hz which aligns with the 2nd order.

Channel 3 – lateral 
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Figure 1 clearly shows that the lateral vibration at Frequencies higher than 3000Hz is insignificant.
Figure 2 takes a closer look at the Peak acceleration which is 1123m/s/s and occurs at 927.7 Hz. It also shows that there are many other frequencies that induce high acceleration values. 1123m/s/s is by far the highest lateral acceleration from the 3 tests. 927Hz is a high frequency for the peak acceleration, I believe this peak value is so high because of resonance with other waves and will correspond with the natural frequency of part of the engine.
	Order
	Frequency 

	1
	116

	2
	232

	10
	1160


The peak acceleration of 1123m/s/s closely aligns with the 10th order.

Test 3 – 4 Cylinders 
Channel 1 – microphone
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Figure 1 clearly shows that vibrations above 600 Hz are minimal. This suggests there is an effective damping system in place that is most effective when the engine is operating as it was designed to do. Figure 2 looks at the peak pressure which is 4.45 Pa at 97.66Hz. This is less than half of what I saw in the data from the 1 and 3 cylinder tests. This reduced amplitude highlights improved balance and smoother operation of the system.
Figure 4 shows one clear and dominant excitation order – the 2nd order at a frequency of 100Hz. This is closely aligned to the peak pressure of 98(0d.p.) that was seen in Figure 2.
There is clear signs of resonance around 500Hz. This suggests that one of the system’s natural frequencies aligns with this frequency causing amplification of the sound waves.
There is a low level of excitement from the 36th order with is most likely due to gear meshing or other high frequency noises that may be occurring.

	Order 
	Frequency (Hz)(0d.p.)

	2
	100




Channel 2 –vertical
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When running the engine with all 4 cylinders, there is vertical vibration for a large range of frequency values. The peak acceleration is 694.8m/s/s at 185.55Hz. the main excitation order is the 2nd at a frequency of 173Hz which aligns well with the peak acceleration.
Chanel 3 - lateral 
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Lateral acceleration can be seen below 2000Hz. The peak lateral acceleration is 673m/s/s at 166Hz. The main excitation order is the 2nd at 157Hz which aligns well with the peak acceleration. When the engine is running with 4 cylinders it sees significantly less lateral movement then when running on 3 cylinders. Resonance can be seen between 1000 and 1500 Hz
Channel 4 – casing
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The engine casing is only experiences vibration from waves at a limited range of frequencies, all below 500 Hz. The peak acceleration is at 387.9m/s/s and can be seen at 97.66Hz. there is only one main order of excitement which is the 2nd order at 159Hz. There is no visible resonance. The peak acceleration is closet aligned to the 1st order. 

4. Analysis
4.1 Key Differences observed from tests 
Sensor 1 – microphone 
Tests 1 and 2 (1cylinder and 3 cylinders) generated over double the pressure that than the 3ed test (4cylinders). This suggests that there are damping systems put in place that are most effective when the engine is operating as it was designed to. There is also the possibility that some waves are having negative interference with each other causing the amplitude of those sound waves to decrease.

Sensor 2 – vertical accelerometer 
There was little difference between 3 cylinders and 4 cylinders in this metric with one cylinder being around half the size of the other two. 4cylinders created slightly less vertical vibration than the 3 cylinder because the engine is firing symmetrically and is therefore more ballanced. The 1 cylinder set up created the lowest vertical vibration by far because there was less wave interaction or resonance (caused by running multiple pistons) than there was in the other 2 set ups.

Sensor 3 – lateral accelerometer 
The 3 cylinder set up created a huge amount of lateral vibration as expected. The 4cylinder created the 2nd most which was significantly less than the 3 cylinder – nearly half and the 1 cylinder generated significantly less than 4cylinders at less than half again. The engine running with 3 cylinders is significantly better balanced in vertical vibrations than it is for lateral vibration. When the engine is running on one cylinder, it is better balanced in lateral vibration than it is in vertical and when the engine is running on all 4 cylinders, it is equally balanced in both metrics.

Sensor 4 – engine casing 
All 3 engine set ups saw the same frequency of waves at the casing but with varying amplitudes. The one cylinder set up created the lowest by far at only 10m/s/s. the 3 cylinder set up generated the largest followed by the 4 cylinder. 


5. CONCLUSIONS AND RECOMMENDATIONS
· The four-cylinder configuration demonstrates the most balanced NVH performance
· The single cylinder set up saw the lowest vibrations due to less resonance and less force generation.
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