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Abstract: The NVH (noise, vibration, harshness) performance of automobiles is a key issue in enhancing user com-
fort. However, car manufacturers and original equipment manufacturers often invest more research and development
effort into the new car performance at the initial design stage, neglecting the study of whole vehicle NVH durability
and reliability, and this can significantly affect the user’s riding experience. This paper focuses on the phenomenon
of NVH performance degradation under idle conditions. Using LMS data acquisition equipment and software,
vibration acceleration and frequency at 17 points on the vehicle, including the steering wheel, seat rail, and engine
mount, were collected and analyzed. By conducting comparative experiments, the causes of NVH performance
degradation after long mileage were explored. This aims to provide new ideas for improving the durability and
reliability of whole vehicle NVH in future research and production.
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1 Introduction

With the rapid development of the automobile industry, people’s requirements for the riding comfort of cars have
been increasing. In this context, the NVH (noise, vibration, harshness) performance of automobiles has become an
important evaluation indicator and has seen significant development in recent years. A market survey on the quality
level of vehicles in use found that the NVH performance of some vehicles shows a noticeable deterioration after
driving 50,000 to 100,000 kilometers. In particular, the degradation of vibration under idle conditions is one of the
issues that receive many complaints in the market.

Usually, at low-speed conditions such as startup and idle, the powertrain generates low-frequency, high-amplitude
vibrations, leading to significant in-vehicle vibrations that affect the overall NVH performance and reduce riding
comfort. Various car manufacturers and scholars have been committed to seeking optimization methods. Timpner
F. F. of General Motors, believes that the improvement of NVH performance can rely on the optimization of the
suspension system. He proposed calculation methods for the strike center, torque axis, and elastic center based on the
theory and computational methods of six-degree-of-freedom decoupling, which are used for suspension matching
design. B. L. Belten-Knight utilized the principle of the impact center and considered positioning the suspension
points near the elastic vibration nodes to achieve better vibration isolation effects. However, designers often only
consider the performance of new vehicles and neglect the aging and performance degradation of the suspension
system due to prolonged use and driving, and this can lead to changes in the natural frequencies of various system
modes and a decrease in the decoupling degree of vibration modes. This study aims to explore the causes of the
degradation of the whole vehicle NVH performance, providing new ideas for research and optimization.

This study analyzes two main two sources of vibration excitation at the whole vehicle level: first, the road
excitation at the wheels caused by road unevenness during driving, and second, the vibration excitation generated
by the powertrain [1–3]. Since the object of this research is the vibration degradation problem of the whole vehicle
under idle conditions, this paper will focus on the vibration excitation generated by the powertrain during operation
and the vibration conditions of key components in the vibration transmission link.
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This paper takes a domestic brand SUV (referred to as Type A vehicle in the text) as the research object and
selects a market-positioned comparable benchmark vehicle (Type B vehicle) for comparison, testing the vibration
situation of several key points that may affect NVH under idle conditions. Based on market research feedback,
vehicles of both types with less than 20,000 kilometers and high mileage of 50,000 to 100,000 kilometers were
selected for research, to analyze the situation and reasons for NVH performance degradation.

2 Experimental Platform and Testing Method

In past research, designers often focused more on the NVH performance of new vehicles, using simulation and
other methods to tune the vehicle to a relatively good state. However, it is difficult to completely solve NVH problems
at the design stage. Errors introduced during design, manufacturing, and assembly could lead to issues. Testing
prototype vehicles can solve some problems, but after a period of use, wear and aging of various components and
connectors may lead to a decline in damping performance [4–6]. Therefore, this article focuses on the causes of the
degradation of whole vehicle NVH performance.

As the power source of the car and being of significant mass, the engine is an important source of excitation.
Vibrations generated at the engine are transmitted to the frame and body through the suspension system. Elastic
rubber suspension components are important damping parts [7, 8] and must be included in the analysis of vibration
transmission paths. For drivers and passengers, the direct impact of decreased damping performance on ride comfort
is often manifested in obvious steering wheel and seat vibration, increased interior noise, etc. [9]. In addition, during
the operation of the engine, vibrations and noise generated by the exhaust system and cooling system are also areas
of concern [10], please refer to Figure 1 for the specific process.

Figure 1. Transmission path diagram

The test location for this experiment is an automobile test field in China. Due to market research feedback
indicating that this model experiences increased idle vibration after medium to long mileage, the test conditions were
set to idle, with test statuses in parking gear(P)/reverse gear(R)/forward gear(D) and with air conditioning on/off (i.e.,
P AC OFF, R AC OFF, D AC OFF, P AC ON, R AC ON, D AC ON), see Table 1 for specific test information.

Since the tested vehicle uses an automatic transmission, to accurately analyze the driver’s sensory characteristics
in a ready-to-drive state, the transmission was forced to engage in 1st gear during D gear(forward gear) testing to
prevent the transmission from automatically disengaging power when stopped.

Table 1. Test conditions

Test Conditions Condition 1 Condition 2 Condition 3
Temperature Normal temperature (Hot Engine)

Test gear position P R D
Air conditioning state AC OFF AC ON

Sensor direction X Y Z
Engine state Idle steady state

RPM 800 rpm
Test duration per condition 30 seconds
Data statistics information Frequency Amplitude

In the test, acceleration sensors were placed at 17 points as shown in Table 2, using LMS’s 32-channel data
acquisition system to collect data. The data collected were then analyzed and processed using the Signature Testing-
Advanced module in LMS Test Lab.

Photos of sensor placements at several important points are shown in Figure 2.
The basic parameters of the three vehicles tested are shown in Table 3.
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Table 2. Acceleration sensor locations

Acceleration Sensor Locations
Active end of left engine mount - Engine Passive end of left engine mount - Frame

Active end of right engine mount - Engine Passive end of right engine mount - Frame
Active end of rear engine mount - Engine Passive end of rear engine mount - Frame

Top end of left front shock absorber Bottom end of left front shock absorber
Top end of right front shock absorber Bottom end of right front shock absorber

Active end of radiator vibration isolation pad - Radiator Passive end of radiator vibration isolation pad - Frame
Fan Seat rail

Steering wheel

Figure 2. Selected sensor locations on the vehicle

Table 3. Acceleration sensor locations

Parameter
Type Type A Vehicle Type B Vehicle

Category Mid-size SUV Mid-sizeSUV
Energy type Gasoline Gasoline

Dimensions (LWH) (mm) 4740*1910*1775 4858*1942*1670
Curb weight (kg) 1749 1708

Engine 2.0T 252 HP L4 1.5T 193 HP L4
Displacement (mL) 1991 1498

3 Analysis of Driver’s Sensory Characteristics

First, two points that have the most direct and strongest impact on the driver’s sensation were analyzed: the
steering wheel and seat rail.
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3.1 Steering Wheel and Seat Rail
3.1.1 Characteristics of vibration acceleration change

The larger the vibration acceleration, the worse the NVH performance [10–12]. In this test, the vibration
acceleration magnitude in XYZ three directions for each point was obtained through data acquisition, measured in
g. The XYZ three directions are unified with the vehicle’s orientation, i.e., the X direction is directly in front of the
driver’s seat, the Y direction is to the left of the driver’s seat, and the Z direction is directly above the driver’s seat,
as shown in Figure 3.

Figure 3. Schematic of automobile coordinate system

To comprehensively compare the vibration acceleration magnitude under various conditions for each vehicle,
vibration acceleration S (m/s2) is calculated as in Eq. (1) [13, 14]:

S =
√

9.82 ∗
(
a2x + a2y + a2z

)
(1)

where, S is the vibration acceleration at that point (m/s2); ax is the vibration acceleration in the X direction at that
point (m/s2); av is the vibration acceleration in the Y direction at that point (m/s2); az is the vibration acceleration
in the Z direction at that point (m/s2).

The changes in vibration acceleration for the steering wheel and seat rail under various conditions are shown in
Figures 4 and 5, where the new car data for Vehicle A is the original factory test data from the car manufacture.

As can be seen from Figure 4, with the increase in mileage, the vibration acceleration at the steering wheel
measurement point of both Vehicle types A and B gradually increases, with Vehicle B’s increase slightly less than
Vehicle A; Vehicle A shows a significant increase in vibration acceleration at the R gear position of the steering
wheel measurement point, with smaller changes in other gear positions. The vibration acceleration with the air
conditioning on is significantly higher than when it is off.

Figure 4. Vibration acceleration of steering wheel

As can be seen from Figures 4 and 5, with the increase in driving mileage, the vibration acceleration at both
measurement points for Vehicles A and B gradually increases, with Vehicle B’s increase slightly smaller than
Vehicle A. Vehicle A shows a significant increase in vibration acceleration at the R gear position at the steering
wheel measurement point, with smaller changes in other gear positions. The vibration acceleration with the air
conditioning on is significantly greater than when it is off.
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Figure 5. Seat rail vibration accelerationl

Figure 6. Trend of driver’s sensory changes

As shown in Figure 6, by taking the average vibration value of each gear position for each vehicle and comparing
the high mileage vehicles with the new car (Vehicle B model at 1.5 WKm), the changes in vibration amplitude at the
two points can be seen more clearly.

The steering wheel and seat rail are the two most directly perceptible test points for occupants, reflecting the
overall NVH performance of the vehicle. Therefore, to further investigate the source of the vibration, this study will
analyze the vibration frequency of the two points.
3.1.2 Vibration frequency domain analysis

To explore the source of vibration excitation, we collected frequency domain data for vibrations at each point.
The data were processed, marking the frequency of the highest vibration within 100Hz, as shown in Figure 7.

Figure 7. Vibration frequency domain analysis diagram
Note: Steering Wheel +X+Y+Z P Gear AC off (Sensor at steering wheel position, sensor X direction as the vehicle’s +X direction, sensor Y

direction as the vehicle’s +Y direction, sensor Z direction as the vehicle’s +Z direction, P gear, air conditioning system off)

This study mainly focuses on the deterioration of whole vehicle NVH performance with increased driving mileage
and does not consider the direction of vibration as a major concern. Therefore, the vibration signals collected under
idle conditions are subjected to Fourier transform. Using the spectrum analysis method [15], we analyze the changes
in amplitude of vibrations at the steering wheel and seat rail in different frequencies under different gear positions
and air conditioning on/off states, as shown in Figures 8 and 9.
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The vibration acceleration frequency spectrum analysis results of the steering wheel position are shown in
Figure 8. It can be observed that under idle conditions, the frequencies with larger amplitudes are around 27 Hz
and 24 Hz. The amplitude within this range shows a trend of being smallest in P gear and largest in R gear, with
the amplitude slightly greater when the air conditioning is on compared to when it is off. The vibration acceleration
frequency spectrum analysis results at the seat rail are shown in Figure 9. It can be seen that the frequency spectrum
distribution is similar to that at the steering wheel, but with a smaller amplitude. The amplitude is generally smallest
in P gear and largest in D gear.

Figure 8. Steering wheel frequency spectrum

Figure 9. Seat rail frequency spectrum

Both vehicle models have an engine idle speed of 800 rpm, corresponding to a 2nd order engine vibration
frequency of around 27 Hz. This indicates that the main source of vehicle vibration is the powertrain. Therefore, the
next focus is the vibration magnitude and vibration isolation rate at the engine mounts.

4 Powertrain Vibration Isolation Characteristics Analysis

The suspension system serves as a connector between the powertrain and the body of the vehicle. Its main
functions are to support the powertrain, reduce the impact of vibrations emanating from the powertrain on the whole
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vehicle, and limit the amount of powertrain jitter. It is a key guarantee for improving the overall NVH performance of
the vehicle. Both vehicle models selected in this study use a three-point rubber suspension system, which compared
to hydraulic suspensions, has the advantages of a simpler structure, better cost-effectiveness, easier maintenance,
and a longer lifespan [16, 17]. The failure of rubber suspensions is mainly caused by fatigue damage to the rubber
parts [8]. To ensure the rubber suspension maintains a stable vibration isolation effect over a long period, it is
necessary to prevent it from failing during this time.

As known from the frequency spectrum analysis of the steering wheel and seat rail in section 3.1.2, the main
source of vibration is the 2nd order vibration of the four-cylinder engine of the car. Therefore, the next section will
next focus on the analysis of test data at the active and passive ends of the three suspension points. The active end
refers to the side of the suspension connected to the engine, and the passive end is the side connected to the frame,
with a rubber isolation block between the active and passive ends.

4.1 Vibration Acceleration Change Characteristics

Figures 10-12 show the comparison of vibration acceleration for the left, right, and rear suspensions respectively.
It can be observed that as the mileage increases, the vibration magnitude at the active ends of each suspension point
for both vehicle models increases. Therefore, it is believed that a significant reason for the decline in whole vehicle
NVH performance is the intensification of engine vibration itself [18]. Analysis of the passive end data shows that
the vibration magnitude at the passive end of Vehicle A is consistent with the trend at the active end, while Vehicle
B maintains better passive end vibration relative to Vehicle A. It is speculated that the degradation of the rubber
suspension in Vehicle A is greater than in Vehicle B. The following section will compare and analyze the isolation
rates at each point.

Figure 10. Vibration acceleration of the left suspension

4.2 Comparative Analysis of Vibration Isolation Rate

The formula for calculating the vibration isolation rate of the powertrain suspension system is [19]:

T = 20 lg (ae/ac) (2)

where, T is the suspension vibration isolation rate (dB); ae is the vibration acceleration at the active end of the
suspension (m/s2); ac is the vibration acceleration at the passive end of the suspension (m/s2).
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Figure 11. Vibration acceleration of the right suspension

Figure 12. Vibration acceleration of the rear suspension
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Analysis from Figures 13-15 shows that the suspension vibration isolation performance of Vehicle B does not
significantly degrade. Despite the increase in engine vibration due to higher mileage, the isolation rate of Vehicle
B at 9.5 WKm even shows an increase. In contrast, Vehicle A exhibits a decrease in suspension isolation rate,
especially noticeable in the right suspension.

Figure 13. Vibration isolation rate of left suspension

Figure 14. Vibration isolation rate of right suspension

Figure 15. Vibration isolation rate of rear suspension
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5 NVH Performance Degradation Cause Verification
5.1 Vibration Acceleration Change Characteristics

To further explore the impact of suspension changes on the NVH performance of Vehicle A, we selected a 7.4
WKm Vehicle A for follow-up testing. The vehicle was retested at 8.9 WKm after reaching this mileage, and the
change in overall NVH performance was compared and analyzed by replacing the old suspension with a new one.
The vibration comparison at the steering wheel and seat rail when using the old and new suspensions is shown in
Figures 16 and 17.

Figure 16. Vibration acceleration of the steering wheel

Figure 17. Vibration acceleration of the seat rail

Figure 18. Trend of driver’s sensory changes

As can be seen from Figures 16 and 17, under P gear, the vibration condition at the steering wheel changes little.
After replacing with new suspension at 8.9 WKm, the vibration acceleration values are close to the original factory
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data. However, the changes in R and D gears are more significant, consistent with the previous text. When using the
old suspension, the vibration acceleration at 8.9 WKm is slightly higher than at 7.4 WKm, but significantly decreases
after replacing with the new suspension.

Figure 18 shows the deterioration comparison of the steering wheel and seat rail when using the old and new
suspensions.

5.2 Suspension Vibration Isolation Analysis

Figure 19. Left suspension vibration isolation rate

Figure 20. Active and passive end vibration accelerations of the left suspension

Similarly, we further analyze the data for each suspension point.
As shown in Figures 19 and 20, at the left suspension point, when using the old suspension, although the active

end amplitude is clearly larger at 7.4 WKm than at 8.9 WKm, the passive end amplitude data at 8.9 WKm is slightly
larger than at 7.4 WKm, and the isolation rate is also higher at 7.4 WKm than at 8.9 WKm. This indicates that the
vibration isolation performance of the left suspension has already declined. After replacing with new suspension,
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the isolation rate slightly increases, but since the active end amplitude is much lower than the 7.4 WKm state with
old suspension, the isolation rate does not exceed it. However, the amplitude at the passive end is smaller with the
new suspension.

As shown in Figures 21 and 22, at the right suspension point, there is not much difference in the isolation rates
between the three conditions. In terms of vibration, with the old suspension, the active end vibration acceleration at
8.9 WKm is greater than at 7.4 WKm, but the passive end values are close. After replacing with new suspension,
vibration at both the active and passive ends significantly decreases, and the isolation rate is the best.

Figure 21. Right suspension vibration isolation rate

Figure 22. Active and passive end vibration accelerations of the right suspension

As seen in Figures 23 and 24, at the rear suspension point, the old suspension isolation rate at 8.9 WKm is higher
than at 7.4 WKm, but still, the new suspension offers the best isolation rate. Analyzing the vibration at the active and
passive ends reveals that, with the old suspension, the active end vibration at 8.9 WKm is greater than at 7.4 WKm.
Although the isolation rate is better, the passive end vibration is still high. After replacing with new suspension,
vibration at both the active and passive ends decreases.
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Figure 23. Vibration isolation rate of rear suspension

Figure 24. Active and passive end vibration accelerations of the rear suspension

This paper summarizes the comparison of the average values of isolation rates and vibration at each suspension
point when using old and new suspensions, as shown in Figure 25. It can be concluded that with the increase
in vehicle mileage, the suspension isolation rate does not significantly decrease and may even increase due to the
increase in active end vibration. However, after replacing with new suspension, there is a significant decrease in
active end vibration, and the isolation rate is also better.

6 Conclusions

This paper mainly conducts vibration tests under idle conditions on a certain SUV and its benchmark vehicle,
obtaining the characteristics of vibration changes at the steering wheel and seat rail under low and high mileage
conditions. It also measures the vibration acceleration at the left, right, and rear suspension points to explore the
reasons for the deterioration of the vehicle’s NVH performance. The following conclusions are drawn:

(1) By comparing and analyzing the changes in vibration acceleration at the steering wheel and seat rail, it is
evident that the vehicle’s NVH performance decreases with increased mileage, especially noticeable in D gear.
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Figure 25. Change trends of average values of isolation rates and vibrations of suspensions

(2) Analysis of the vibration spectrum graphs of the steering wheel and seat rail shows that the largest vibration
frequencies are around 27 Hz and 24 Hz. Since the test vehicles all have four-cylinder engines, the main source of
vehicle vibration is the 2nd order vibration of the engine.

(3) Through follow-up tests on the same vehicle and tests with new suspension replacements, it is concluded that
the deterioration of the vehicle’s NVH performance is due to two factors: increased engine vibration and degradation
of rubber suspension performance.

(4) Since a car is a multi-mass vibration system and the suspension does not exhibit significant damage after
high mileage use, if the active end vibration is not particularly large, the degradation of the rubber suspension’s
performance is more reflected in the changes in active end vibration.

Therefore, for whole vehicle manufacturers, at the beginning of designing a new vehicle, to improve user
experience and ensure good NVH performance even at high mileage, the following approaches can be considered:

(1) Since the main excitation source is the 2nd order vibration of the engine, vibrations near the engine should
avoid this frequency range as much as possible.

(2) Optimize the vibration isolation and durability performance of the suspension rubber blocks to prevent
performance degradation over long-term use.

(3) Optimize the stiffness ratio of the rubber blocks at the three suspension points, leaving appropriate room for
suspension performance degradation, so that even if one or two suspensions slightly degrade, they can still ensure
the combined vibration isolation performance of all three.

Data Availability
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[5] H. Lü, K. Yang, X. Huang, W. B. Shangguan, and K. Zhao, “Uncertainty and correlation propagation analysis
of powertrain mounting systems based on multi-ellipsoid convex model,” Mech. Syst. Signal Process., vol. 173,
p. 109058, 2022. https://doi.org/10.1016/j.ymssp.2022.109058

[6] G. Liu, R. Luo, and S. Liu, “A new interval multi-objective optimization method for uncertain problems with
dependent interval variables,” Int. J. Comput. Methods, vol. 17, no. 10, p. 2050007, 2020. https://doi.org/10.1
142/S0219876220500073
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