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Experimental Evaluation of Electric Powertrain for NVH
Master’s Thesis in Applied Mechanics

PRAVEEN SONNAD

Department of Mechanics and Maritime Sciences
Division of Dynamics

Chalmers University of Technology

Abstract

The conventional Internal Combustion (IC) powertrain is now being replaced by
alternative, low-emission options, such as the electric powertrain. As a result, the
tonal noise and vibration spectrum of the powertrain, previously masked by the
IC engine, have become more prominent in the electric powertrain, necessitating an
NVH (Noise, Vibration, and Harshness) analysis of the electric powertrain. Previous
studies by Vignesh [21] and Anujit [6] utilized a CAE (Computer-Aided Engineering)
model to examine the NVH behavior of the electric powertrain under various motor
and gearbox excitations, concluding that the highest contribution to the vibration
and noise response comes from the motor’s torque ripple and the transmission error
from the motor. The present study aims to experimentally analyze the NVH behav-
ior of the powertrain and assess the outcome of the earlier study.

The experimental evaluation is being carried out by measuring the vibration, noise,
and input shaft speed of the powertrain under different load conditions. The mea-
surement response is then analyzed using the order analysis using fixed sampling
method to obtain different acceleration and noise responses of the powertrain with
respect to various excitations and their associated orders. The response of the pow-
ertrain is studied and compared with the CAE model’s behavior.

The comparison between the NVH response of the powertrain obtained from RO-
MAX model and experimental data yield comparable results. The ROMAX model
demonstrated a good correlation with the experimental data for the gearbox exci-
tations. However, for the NVH response from torque ripple, the ROMAX model
tended to overestimate the response, even though the peaks in the response align
with those in the experimental data. Conversely, the NVH response from the motor’s
radial and tangential forces were underestimated in the ROMAX model. These ob-
servations suggest that the ROMAX model of the powertrain provides a reasonable
approximation of NVH response, although fine-tuning the model to better represent
the experimental data would yield better results.

Keywords: Electric powertrain, Noise, Vibration, and harshness(NVH), Order Anal-
ysis
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1

Introduction

Figure 1.1: EC230 Excavator with an Electric Powertrain

1.1 Background

The world is currently assessing greener alternatives in an effort to reduce depen-
dence on fossil fuels. With that in mind, electric vehicles have emerged as a promis-
ing alternative to conventional internal combustion vehicles. Volvo Group, an auto-
motive manufacturer, aims to make 35% of all vehicles sold by the group be electric
by 2030 and become fossil-free by 2040 [1]. Volvo Construction Equipment, a sub-
sidiary of Volvo Group and a manufacturer of construction and mining equipment,
is leveraging the NPD activities on developing the electric excavator EC230 [2].

Conventional internal combustion (IC) engine vehicles produce a wide range of noise
and vibrations originating from the powertrain, with the engine being the primary
source of noise. The noise spectrum of the powertrain is typically dominated by the
engine order and harmonics in a frequency range below 1 kHz. On the other hand,
the electric powertrain produces noise in a higher frequency range from 1 kHz to
10 kHz, which is more noticeable to human hearing and in the absence of an IC

CHALMERS, Mechanics and Maritime Sciences, Master’s Thesis 2023 1



1. Introduction

engine, the tonal noise from the electric motor and drive train becomes more no-
ticeable, causing discomfort and annoyance to occupants [4] [9]. Therefore, a noise,
vibration, and harshness (NVH) analysis of the powertrain is necessary to identify
the source of noise, to reduce and control it.

The noise and vibration sources of the powertrain can be classified into electro-
magnetic and mechanical sources. Powertrain noise and vibration responses are
significantly influenced by motor excitation, electromagnetic sources including cog-
ging torque and torque ripple, as well as mechanical sources such as rotor dynamics,
rotor imbalance, bearings, and shaft flexibility. Similarly, the Transmission Error
(TE) from the gearbox has a considerable effect on the noise and vibration response
of the powertrain.

A CAE model of the powertrain used in EC230 was modeled and analysed by Vig-
nesh [21] and Anujit [6] in 2022. The developed model is based on a few engineering
assumptions and correlations. These assumptions are considered to have a negligible
impact on the performance of the powertrain. However, to predict the behaviour
and study how close the CAE model behaves to reality, an experimental analysis is
needed.

1.2 Purpose

The NVH characteristics of an electric powertrain were investigated in the earlier
study by Vignesh [21] and Anujit [6]. In order to study the behavior of the powertrain
due to electromagnetic and mechanical excitations from the motor and gearbox, they
developed a CAE model using tools such as ROMAX [19], ANSYS Maxwell [3]. and
MotorCAD [13]. The present thesis aims to repeat the simulations under various load
cases, the noise and vibration characteristics of the powertrain are experimentally
analyzed, and the CAE model is correlated and compared based on the experimental
analysis.

1.3 Limitations

o Excitations from the hydraulic pump were not included in the model, which
means that hydraulic pulsation orders are not present in the CAE response.

o The analysis is limited to a permanent magnet synchronous motor and counter-
shaft gearbox powertrain configuration, and the results may not be applicable
to other configurations.

o CAE powertrain response of individual excitation types will be evaluated. The
response of the system due to a combination of excitations is not evaluated.



2

Theoretical Background

This chapter will introduce and discuss the theoretical background behind the pow-
ertrain, electromagnetic-mechanical interaction, and the NVH mechanisms in the
electric powertrain.

2.1 Electric Powertrain

The powertrain of the electric excavator EC230 has a Permanent Magnet Syn-
chronous Motor (PMSM), a countershaft axis gearbox, and a hydraulic pump. The
powertrain is mounted on four rubber bushes to isolate the powertrain from the
excavator chassis.

In Anujit’s study [6], an electric powertrain for a heavy machinery application was
studied. As mentioned in [10], a system’s behaviour can vary drastically from its
isolated subcomponents behaviour, but the study of subcomponent behaviour in
isolation can provide a good understanding of the overall system. The procedure
to study an electro-mechanical system like the powertrain can be subdivided and
studied in isolation and then as a whole system, as seen in figure 2.1.

Mechanical model Stator Electromagnetic model
definition « definition ‘ definition
\ [}

“ Static model : i——d
L ey ) \ Static model

Static solver l
‘ Static solver

‘ Dynamic model - linearised ‘

l Harmonic analysis
Eigenvaluesolver l

Frequency domain
Electromagnetic excitations

e

Frequency domain Transmission
mechanical representation Error

Figure 2.1: Mechanical and electro-mechanical simulation process[10]

It is important to consider the dynamic behavior of individual subsystems, such
as the electric motor, gearbox, hydraulic pumps, and auxiliary units individually
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2. Theoretical Background

since these subsystems can have unique dynamic responses that may differ from
their responses when they are integrated into the overall system [7]. Therefore, it is
necessary to study the interactions between subsystem excitations and the dynamic
response of the system as a whole.

Figure 2.2: Romax model of the powertrain [6]

2.2 Electric Motor

Following the study done by Vignesh [21], the study of the Permanent Magnet Syn-
chronous Motor (PMSM) and previous studies done on the motor are reviewed. In
research done by Senousy [14], Dupont [18], Devillers [8], Zhang [22] and Parmar [26]
the NVH analysis on electric motor is performed for various excitations. Analysis
in the studies includes structural analysis, analysis of radiated noise due to motor
defects, and analysis of motor performance under shaft eccentricity. These provide
an insight into how the motor can be modelled with various motor excitations in the
context of NVH analysis. The simulations are done using ANSYS Maxwell [3], and
the dynamic response of the motor under the electromagnetic loads are simulated.
These steps are similar in all the mentioned research with varying methodologies
focusing on different aspects of motor.

Since the motor excitations from MotorCAD need to be imported into ROMAX,
research on similar application by Ha . T [5] on simulations done in ROMAX is stud-
ied. This provided a useful insight on how the motor excitations can be obtained
and imported into the ROMAX powertrain model

PMSM has been widely used in industries, especially for automotive, construction
equipment vehicle, and other high power applications due to its characteristics like
high power density and high flexibility for motor construction. PMSM is a hybrid
of a brushless DC motor and an induction motor, with field excitations generated
from the permanent magnets. Due to its high performance and efficiency and its
capability to generate torque at zero speed, it is a suitable choice for automotive
applications.



2. Theoretical Background

The working principle of the PMSM is similar to that of a three-phase induction
motor, where the stator and rotor’s rotating magnetic fields interact. However, the
PMSM differs in that the rotor consists of a core with permanent magnets embedded
in it, and the stator core consists of slots into which the insulated winding is placed.
The interaction between the magnetic field of the rotor and the stator’s synchronous
electric field generates the required rotation of the rotor. In this study, the PMSM
has 8 poles and 48 stator slots, as shown in the figure 2.4.

T Bearing support assembly

Rotor core sections
T from laminated steel

T Bar wound wire

Magnets T

Steel plate T

Rotor hub T

Stator core

from laminated steel T

Figure 2.3: Exploded view of a PMSM motor [17]

Figure 2.4: Motor model from MotorCAD [13] [21]



2. Theoretical Background

2.2.1 Noise and Vibration mechanisms in Motor

rad1a1

tangential

Figure 2.5: Radial and tangential forces in a motor [6]

The noise and vibration generated by a three-phase PMSM can be classified into
electromagnetic and mechanical sources. The mechanical sources arise from factors
such as bearing defects, shaft imbalance, and surface irregularities resulting from the
machining of rotating parts and rotor mounting. On the other hand, electromag-
netic sources of noise and vibration are primarily caused by electromagnetic forces
and torque ripple that stem from higher harmonics of the supply current, magnetic
saturation, phase asymmetry, and disturbances in the magnetic circuit [11].

;;‘:;,’2 e P L. T TR R T NG TR TN
g 0s0 (L AV 4 N AV LV4 AV
2 025 o Fi % = o
E 0t ? b E ; \ I : et
£ -050 e .
2 075 = ' A Ll
-1.00 -
2128 4rr—rit—r——r—r——r—r—r—t—r—rr——r—r—r—f—r—r—r— bt | ——r—r—t—|
0 60 120 180 240 300 360 420 480 540 600 660 720
Angle (deg)

Figure 2.6: Example of Torque Ripple[23]

The Maxwell stress tensor is a mathematical representation of the coupling between
electromagnetic forces and mechanical momentum in a system. Specifically, it de-
scribes the distribution of forces within the system due to changes in electromagnetic
fields. In the case of a PMSM, the Maxwell stress tensor can be used to analyze the
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2. Theoretical Background

radial and tangential forces generated by the motor [21].

For the purposes of this thesis, the study of motor excitation sources is limited to
torque ripple, radial forces, and tangential forces from the motor. Torque ripple
refers to the variations in torque that occur as a result of higher harmonics in the
supply current, magnetic saturation, and other factors. Radial forces are forces that
act perpendicular to the rotational motion, while tangential forces act parallel to
the rotational motion. The electromagnetic forces and torque ripple generate vi-
brations that propagate through the stator and rotor to the housing, resulting in
structure-borne noise. The radial and tangential forces, on the other hand, cause
the rotor to deviate from its intended axis of rotation, resulting in imbalance and
air-gap eccentricity. This in turn generates additional vibrations and noise.

2.3 Gearbox

EM shaft Splined shaft Pinion

Wheel

Figure 2.7: Helical gearset connected to motor input shaft [6]

The transmission box, also known as the gearbox is the second element of the power
train in a construction equipment vehicle. It is used to change the speed and torque
of a vehicle according to a variety of road and load conditions. Volvo CE uses
countershaft axis gearbox in the EC230. The countershaft axis gearbox is responsible
for transmitting the torque from the PMSM to the hydraulic pump. The gearbox
consists of a single helical gearset that transfers the power from the motor to the
hydraulic pump. The helical gearset is preferred over other types of gearsets due
to its ability to reduce noise and vibration generated during gear engagement. The
gearset is enclosed within a housing that is filled with lubricating oil to reduce
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2. Theoretical Background

wear and tear, as well as dissipate heat generated during the gear operation. The
mechanical excitation sources of the gearbox can be attributed to gear meshing,
bearing rotation, shaft bending, and gearbox housing deformation. The vibration
and noise generated by the gearbox are mainly due to the excitation sources and
their interaction with the surrounding structure, such as the rubber mounts and the
excavator chassis. Therefore, the gearbox’s NVH analysis is crucial to evaluate the
system’s overall noise and vibration performance.

2.3.1 Noise and Vibration mechanisms in Gearbox

The largest contributors to noise and vibration in the gearbox is Transmission Error
(TE), although it is not the only source [12]. TE can be defined as "the difference
between the actual position of the output gear and the position it would occupy if
the gear drive were perfectly conjugate.” The causes of TE include flexibility of the
gear tooth, gear blank, bearing, housing, and shaft, which results in variations in
force and contact in the gear mesh.

35
30-
25-
20-
15-
10-
5_
o-
_5,
104

-15

Transmission error/ arcsec

0 100 200 300 400 500 600
Angle / deg

Figure 2.8: Transmission Error(TE) example [29]

In addition to TE, the gear tooth mesh is another critical source of vibration in
gearboxes. The meshing of gear teeth can excite resonances in other components,
such as the bearings, housings, and shafts, which can lead to noise and vibration.
The natural frequencies of these components, their damping characteristics, and the
input excitations are all important factors to consider when predicting the dynamic
behavior of the gearbox. Accurately predicting the dynamic behavior of the gearbox
is crucial for designing effective noise and vibration reduction strategies.

2.4 Experimental Analysis
A comprehensive study to review the existing research, methodologies, and analysis
techniques for electric powertrains, in context of NVH, were examined. The study

involved exploring experimental measurement techniques, measurement and analy-
sis techniques, and data analysis for NVH analysis of an electric powertrain.

To review experimental measurement techniques, the required sensors and measure-
ment setup, study by Panza [15] were examined to appropriately capture the noise
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and vibration response of the system. This paper by Panza [15] talks about common
measurement techniques like measuring sound pressure level (SPL), commonly used
accelerometers and microphones, and data acquisition systems were examined for
NVH application.

Signal analysis and interpretation of experimental data require investigating statis-
tical analysis techniques, data processing methods, and data visualisation. To ex-
tract meaningful data from the raw NVH measurement data, techniques like spectral
analysis, order tracking, and modal analysis were explored [25], [16]. The study by
Petrovsky [16] and Anders Brandt [25] discuss order analysis, methods, and draw-
backs of order analysis methods. Order analysis with uniform sampling method.
This method is faster, but the processed signal has a lot of smearing. Conversely,
the order tracking method is more accurate but computationally expensive. Review-
ing [27] illustrates the fundamentals of signal processing and the different methods
involved. Spectral leakage during signal processing can be drastically reduced by
using proper windowing techniques as discussed by Anders Brandt [25].

2.4.1 Order Analysis

Waterfall analysis is a powerful tool for identifying the resonance frequencies and
orders of the system, as it can be used to analyze the vibration or noise signals
together with the motor speed signals. This approach can provide an understanding
of how the different components of the system are interacting with each other and
how they are contributing to the overall vibration and noise levels.

The order analysis is typically performed using a waterfall plot, figure 2.9, which is
a graphical representation of the frequency content of a signal as a function of speed
and frequency. The x-axis of the plot represents frequency, the y-axis represents
shaft speed, and the color or intensity of the plot represents the magnitude of the
corresponding frequency component. Waterfall analysis is done by performing FFT
on the measured time series data at uniform time intervals and the FFT data are
then stacked up. The vertical lines in the waterfall plot represent the resonance at
different frequencies, and the diagonal lines represent the harmonic orders with re-
spect to the shaft speed. The speed of different components like gears and pumps in
the powertrain are dependent on the motor speed, and component speed varies with
the motor speed. The response of the components are represented as its harmonic
orders as diagonal lines, varying with respect to motor speed.

2.5 Sound pressure Level (SPL)

Sound pressure level (SPL) is a logarithmic measure of sound pressure radiated from
a surface relative to a reference value. It is a measure of the intensity of sound at a
particular point. SPL (dB) is defined as the ratio of sound pressure P to reference
sound pressure P, (20 pPa for airborne sound). SPL is used to assess the potential
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Z:RMS Amplitude : (g)

Speed (RPM)

Frequency (Hz)

Figure 2.9: Waterfall plot

for hearing damage and evaluate the sound dampening required and its effectiveness.

P
SPL =20« loglO(Fo)
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3.1 The Powertrain Studied

PMSM Motor EC230 gearbox

\ / Hydraulic pump
3 as A0S Ny
A, \I

Frame mount = 2 Support frame

Figure 3.1: EC230 Powertrain CAD model[6]

The powertrain studied in this thesis is a countershaft gearbox used in the EC230
excavator from Volvo Construction Equipment, Volvo Group. See figure 3.1 for the
CAD model of the powertrain. It is used to power the hydraulic systems of the exca-
vator, the powertrain consists of an PMSM electric motor, a single-stage reduction
gearbox, and a hydraulic pump. The gearbox, with a fixed reduction of 2.81, has
a single helical gearset connecting the input and output shafts. The input shaft is
supported by two SKF tapered roller bearings, and the output shaft is supported by
two SKF deep groove ball bearings. A splined intermediate shaft connects the motor
and the input shaft of the gearbox, and another splined shaft similarly connects the
hydraulic pump with the gearbox.

The helical gearset in the gearbox has a gear ratio of 2.81. The pinion gear has 27
teeth, and the driven gear has 76 teeth. The PMSM has a 3-phase, 8-pole, 48 stator
teeth electric motor. The motor, gearbox, and hydraulic pump are bolted onto the
support frame, and the assembly is mounted on the excavator chassis using rubber
mounts to isolate the system from the chassis.

CHALMERS, Mechanics and Maritime Sciences, Master’s Thesis 2023 11
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3.2 CAE Modelling

The CAE model is built using ROMAX, the motor shaft, gears, gearblanks, and
connections are modeled in ROMAX with the motor, gearbox, and pump housing
FE imported into the model. Motor excitation forces are extracted from MotorCAD
and imported into ROMAX. Motor-CAD provides three modules, EMag + Therm
+ Lab, that enable very fast calculations of motor efficiency maps and subsequent
thermal transient analysis of different complex duty cycles/drive cycles.

3.2.1 Motor excitation forces from MotorCAD

MotorCAD is a software tool used for the electromagnetic and thermal analysis of
electric motors. It includes various tools for the design and optimization of electric
motors, such as electromagnetic analysis, FE analysis, thermal analysis, and design
optimization tools. The excitation forces for required load cases, such as radial and
tangential forces and torque ripple, are determined using MotorCAD, following the
method and procedure mentioned by Vignesh [21].

The software has pre-defined templates for different types of motors. A motor model
can be quickly created by providing the motor parameters like stator diameter,
stator bore diameter, number of slots and slot dimensions, number of poles in the
rotor, permanent magnet dimensions, etc. into these templates. The parameters
of the electric motor are as obtained from Vignesh [21]. The motor model can
then be analysis in different environments such as E-Magnetic, Thermal, Lab, and
Mechanical.

3.2.1.1 E-magnetic

E-magnetic module performs FE analysis on the motor model. The module calcu-
lates the back emf, cogging torque, and magnetic flux density plots of the motor.
The analysis process begins with defining the geometry, material properties of the
stator, rotor, winding and permanent magnets in MotorCAD material database as
per [21]. The winding definition is defined as per table 3.1 in the next step.

Property \ Value

Winding type | Lap

Path type Upper-Lower
Coil Stranded

Wire Size XXX-XXX mm

Table 3.1: Winding specification [21]

The operational losses in the motor need to be updated into the model in MotorCAD.
Losses are categorised into three types, iron loss, bearing loss, and AC winding loss.
Iron losses or core losses are caused by eddy currents and hysteresis in the core, and
are calculated in MotorCAD using Steinmetz’s equation. Bearing losses are input
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directly from experimental values obtained from Volvo CE. AC winding losses are
calculated by hybrid FEA [21].

After the components are meshed as per table 3.2 and input parameters for the
motor such as shaft speed, peak current, and motor component temperatures are
defined as per [21], the model definition is completed. The E-magnetic module is
solved to get the electromagnetic behaviour of the motor.

Part | Mesh size
Stator 1 mm
Rotor 1 mm
Airgap layers 4

Airgap surface points | 720
Airgap internal points | 720

Table 3.2: Mesh size for MotorCAD [21]

Figure 3.2: Magnetic flux density at 2000 RPM and 220 Nm torque

3.2.1.2 Lab

Lab Module calculates the efficiency maps and torque-speed curves of the motor.

13



3. Method and Implementation

a7
95
9
T o1
2 3
@
g 80 &
S g
e ]
5 i
2
w

Speed (rpm)

Figure 3.3: Efficiency map of the motor
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Figure 3.4: Torque envelope of the motor

3.2.1.3 Mechanical
The torque and speed points required for ROMAX are updated in the mechanical

module, and simulation is run to obtain the motor excitation forces. The requested
load points on MotorCAD are as mentioned in table 3.3.
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Requested Torque (Nm) | Speed (RPM)

220 1000
220 2000
220 3000
220 4000
220 5000
110 1000
110 2000
110 3000
110 4000
110 5000
95 1000
25 2000
25 3000
25 4000
25 5000

Table 3.3: Torque points in MotorCAD

3.2.2 ROMAX model

ROMAX is a widely used software in the automotive industry for the design and
analysis of powertrains. ROMAX DT is a module used specifically for powertrain
NVH analysis. Various types of NVH analyses can be performed using ROMAX
DT, including modal analysis, frequency response analysis, time domain analysis,
and multi-body dynamics simulation. These analyses help identify and address var-
ious NVH issues, such as gear whine, bearing noise, transmission rattle, and gear
tooth impact.

To perform noise and vibration simulations in ROMAX, the motor excitation from
MotorCAD is imported into ROMAX following the method and procedure described
by Anujit [6].

3.2.2.1 Shafts

The key components of the powertrain, which include the motor shaft, gears, and
splined shafts, are modeled in ROMAX. These components are assembled onto ap-
propriate bearings, and splined connections between shafts are modeled as rigid
connections (RBE2) as illustrated in figure 3.5. Gear blanks are integrated into
the shafts and are modeled similar to a shaft, ROMAX facilitates easy modeling of
gearsets by defining the gear geometry and selecting the shafts to mount the gears
on, as illustrated in figure 3.6 and 2.7.
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Figure 3.6: Gearset model in ROMAX][6]

3.2.2.2 FE model of motor, gearbox and pump housing

The motor, gearbox, and pump housing CAD model is imported and meshed in
ANSYS workbench [3] after defeaturing in SpaceClaim [3] as illustrated in figure 3.7.
The FE models are imported into ROMAX and positioned using the bearings and
other connections mentioned in 3.2.2.1 using rigid connections (RBE2) as illustrated
in figure 3.8 with mesh details of the components in table 3.4.

Component | Element Type No. of elements Material
Gearbox Second order tetrahedral 420,908 Isotropic
Hydraulic Pump | Second order tetrahedral 280,398 Isotropic
Electric Motor Second order tetrahedral 252,621 Isotropic

Table 3.4: FE Model Mesh size for ROMAX [6]
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(a) Hydraulic Pump housing FE model (b) Gearbox housing FE model

(c) Motor housing FE model
Figure 3.7: Meshed FE model in ANSYS [3] [6]

Figure 3.8: Positioning the Gearbox FE model in ROMAX]6]
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3.2.2.3 Motor excitations from MotorCAD in ROMAX

The electric motor is modeled by defining the number of phases, pole pairs, stator
slots, etc from [21]. Excitation forces from MotorCAD are imported into ROMAX
and motor harmonics are calculated as seen in figure 3.9.

[Rx] Force and Excitation Data >
Duty cycle: MNVH_Analysis -
Load case: LC_2_4200rpm-220 -

Forces  Analytical Excitations  Imperted Exctations

Create... Exdit....
Data sets: Exditation data 3 ~
Copy... Remove
Static rotor forgue (Nm) 227 507555
Number of radial force excitations 43 ~
Radial force harmonics 8. 16, 24, 32, 40, 48
Number of tangential force excitations = 48
Tangential force harmonics 8,16, 24 32 40, 48
Torque ripple harmonics 24 43
Phase Shift Between Adjacent Teeth
Harmonic Index 8 16 24 32 40 48
Phase Shifts (deg) 60,000 120,000 180,000 240,000 300,000 0
Radial Force Excitations L
[ Operating speed  .nnn
< >
el Cancel

Figure 3.9: Motor Excitation data for 100% loadcase

3.2.3 Boundary conditions and Loadcases

3.2.3.1 Boundary Conditions

The powertrain assembly is mounted on the excavator chassis using rubber mounts
to isolate the excavator chassis from the powertrain. This is replicated in the model,
where the powertrain is constrained to the ground with a rigid connection with
rubber mounts. The rubber mount stiffness is obtained from [6].

3.2.3.2 Loadcases

The simulation is performed for various loadcases as defined in 3.5. The loadcases
are selected to replicate the torque required for the hydraulic pump at different
loads.
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LC ‘ Torque  MotorCAD excitation speeds Motor speed
1 220 Nm 1000, 2000, 3000, 4000, 5000 RPM  0-5000 RPM
2 110 Nm 1000, 2000, 3000, 4000, 5000 RPM  0-5000 RPM
3 55 Nm 1000, 2000, 3000, 4000, 5000 RPM  0-5000 RPM
4 17.5Nm 1000, 2000, 3000, 4000, 5000 RPM  0-5000 RPM

Table 3.5: Powertrain Load cases

3.2.4 NVH Simulation

After the powertrain model is complete and the excitation forces from the motor
are imported into the model, displacement in gear tooth along the line of action
and average tooth mesh stiffness are calculated. The average tooth mesh stiffness
and displacement gives the TE force excitations over a single tooth. TE forces
are then used for the vibration and acoustic analysis. The excitation forces from
TE, motor radial and tangential forces, and torque ripple are now used for the NVH
analysis of the powertrain. The vibration response of the system at different response
nodes can now be obtained through the vibration analysis module, as depicted in
figure 3.10. Similarly, the acoustic response of the system can be obtained from the
acoustic analysis module, see figure 3.11. The acoustic analysis should ideally be
performed with a shrinkwrap on the whole powertrain, as seen in figure 3.12, due
to limited computational capacity, the acoustic shrinkwrap was done on individual
sub-components, as seen in figure 3.12. The acoustic results represent the radiated

noise from each subcomponent’s shrinkwrapped body under both motor and gearbox
excitation.

Gearbox Assembly (Gearbox) X *V1g} Dynamics - Gearbox Assembly... X

System Respense Transfer Functions 15 Settings R2 Result1 b =) '. Pinion 1 - Wheel 1 ~

> H % 1,0, Order 27,0, 1,00 um at 0 deg - o tit

0DS  Energy ERP

Harmoric Response - Housing [Gearbos] - Node ID: 1043
Harmoric Response - Housing [Geabox] - Node ID: 1043
——  Hamoric Response - Housing [Rearbox] - Node ID: 1043

Gear Mesh Respanses
[ Modal Fiexibitty [tinear
[Joynamic Transmission Error - []Tilt

X 1,0, Order 27,0, 1,00 um at 31,720 deg -1

1 4 Harmonics

[oynamicContactload  [Jiinear Crass 4,0, Order 27,0, 0,12356 um at 34,720
it Cross + 2,0, Order 54,0, 4,1941e-2 um at 138,
B 5 3,0, Order 81,0, 2,673%2 um at 103}
Force Transiation £
e = £ X 4,0, Order 103,0, 1,67e-2um at 13,95
Acceleration [rotaton g
B X 5,0, Order 135,0, 1,191%e-2 um at 130
Direction 3
H X 6,0, Order 162,0, 7,8056e-3 um at -10
Ox Or Oz £

Vector Magnitude

| X 7,0, Order 18,0, 484773 um at 25,
[INormal to surface

v

~T—ooT—o5 r— HE— Mode  Frequency (Hert)  Damping (%) A
10| 00 00
(W= 010000 20000 30000 40000 50000 ) 3 19604 o
DOrangenttosuface [ 10 rput Shaf o) : Yo ”
= 4§ Response Nodes ~ - 3 L3 5.0
109 @ Speedrange N L3 50
5 18 50
X 23150 . Shaft: | Imputshaft . e o
Ll 5000 [om ;s 50
[ Mode Contributions .
Update @ . o o
Auto 0 s 80 50
Analyss: Advanced - s o
Dutycyde:  NWH_Analvss X .
Loadcase:  LG_2_4200rpm-220 2 R

Figure 3.10: Vibration analysis for 100% loadcase using ROMAX
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Figure 3.11: Acoustic analysis in ROMAX

Figure 3.12: Acoustic shrink wrap of the powertrain

Figure 3.13: Acoustic shrink wrap for Gearbox
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3.3 Measurement

3.3.1 Test Set-up

A

PMSM Motor
=,

EC230 gearbox

Hydraulic pump
~
s

Frame mount =

Acclerometer locations

\ Microphone location

Figure 3.14: Accelerometer and microphone location

System analysis often involves measuring different parameters to understand the
dynamic behavior and noise response of the system. In the case of NVH response
of a system, acceleration response and sound pressure levels are two key parameters
required to study the dynamic and noise response of the system.

To measure the acceleration response, sensors are placed at multiple locations, such
as the top and side of the gearbox, the mounting flange of the electric motor, and
before and after the rubber mounts. These locations are chosen based on their
potential impact on the vibration characteristics of the system. By measuring the
acceleration response at these locations, it is possible to validate the system model
and identify any potential issues such as resonance or excessive vibration levels.

Similarly, to measure the sound pressure levels, two microphones are placed on the
left and right sides of the gearbox at a distance of 1 m. This allows for the mea-
surement of noise emissions from the gearbox and can help identify potential noise
sources. The information obtained from these measurements can be used to develop
noise reduction strategies and improve the overall performance of the system. The
motor speed and torque are measured and obtained from the vehicle’s Controller
Area Network (CAN). CAN is a message-based protocol that enables high-speed
communication and real-time control of various vehicle systems, including the en-
gine, transmission, and braking systems. Figure 3.19 depicts the placement of the
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accelerometer and microphone on the testrig.

3.3.2 Test Equipment

3.3.2.1 Sensors

Accelerometers

Figure 3.15: Accelerometer

The PCB Piezotronics accelerometer model HT356B21 is a high-temperature, quartz
shear sensing device designed for measuring vibrations and shock in harsh environ-
ments. It can measure accelerations up to £500g with a sensitivity of 5mV /g. The
HT356B21 accelerometer is designed with a robust, hermetically sealed, stainless
steel housing that can withstand high temperatures and harsh environments. It
also features a top connector for easy installation and maintenance, making it ideal
for powertrain and NVH application [24].

Precision microphones
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&‘5
E
-

Figure 3.16: Precision Microphone

The PCB Piezotronics condenser microphone model 377A20 is a precision micro-
phone designed for measuring acoustic pressure fluctuations. It has a nominal di-
ameter of 1/2 inch and a frequency response range of 4 to 25,000 Hz, with a lower
limiting frequency of 1 to 2.4 Hz. The microphone has an open circuit sensitivity of
12.6 mV/Pa at 250 Hz and a dynamic range of 162 dB with a 3% distortion limit.
It operates in a temperature range of -40 to +248 °F (-40 to +120 °C) and has a
stainless alloy housing material with rear venting. The microphone has a polariza-
tion voltage of 0 V and a capacitance of 14 pF.

The microphone model 377A20 requires a preamplifier to function properly. The
Model 426E01 preamplifier from PCB Piezotronics is used for measurements as
it is designed specifically for use with condenser microphones and can provide a
voltage output for the microphone signal. The 426E01 preamplifier has a high input
impedance to prevent loading of the microphone and can operate on a variety of
power sources, including batteries, AC power, or DC power. The preamplifier also
includes a low-pass filter to help reduce unwanted noise and can be mounted directly
to the microphone for convenience.

3.3.2.2 DAQ system

Figure 3.17: Data acquisition module

23



3. Method and Implementation

The Simcenter SCADAS Mobile 05 is a portable measurement system designed for
acquiring and analyzing dynamic signals in various testing environments. The sys-
tem features up to 16 simultaneously sampled channels, with a dynamic range of 24
bits and a maximum sample rate of 204.8 kS/s per channel. The device is capable
of acquiring signals from a wide range of transducers, including accelerometers, mi-
crophones, strain gauges, and thermocouples.

3.3.2.3 Software

Simcenter Testlab [20] is a comprehensive platform for test-based engineering to
perform a wide range of tests, including acoustics, vibration, durability, and struc-
tural analysis. Simcenter Testlab serves as the primary software platform for data
acquisition, processing, and analysis.

Simcenter Testlab provides a user-friendly interface that allows users to set up and
configure data acquisition channels, manage measurement files, and perform signal
processing and analysis tasks. With its advanced post-processing capabilities, Sim-
center Testlab can perform complex data analysis tasks such as frequency response
function (FRF) analysis, modal analysis, and sound quality analysis.

3.3.3 Procedure

LC ‘ Hydraulic load Motor Load Motor Torque Motor speed

1 100% 50% 220 Nm 2000-4500 RPM
2 50% 25% 110 Nm 2000-4500 RPM
3 25% 12.5% 55 Nm 2000-4500 RPM
4 0% 4% 17.6 Nm 0-4500 RPM

Table 3.6: Powertrain Load cases for Testing

Accelerometers \

Microphones

with amplifiers DAQ Testlab

—_
Motor speed /
and Torque

From can

Figure 3.18: Test equipment connection schamatic
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Figure 3.19: Experimental Setup

The test equipment is connected and set up as seen in figure 3.18 and figure 3.19.
Experimental analysis on the powertrain is done using nCode[28] using the VibeSys
module. VibeSys is a module in nCode. The VibeSys module is specifically designed
for structural dynamics and vibration analysis of complex mechanical systems. It is
used to predict and evaluate the vibration behavior of structures, components, and
assemblies due to dynamic loads.

A total of nineteen test signals were recorded for the powertrain runup. This includes
the motor speed, motor torque, left and right measured sound pressure levels, X-Y-
Z axis accelerations for the electric motor, gearbox top and side, before and after
rubber mount location on the powertrain, figure 3.20 illustrates the two noise and two
vibration signals measured for three load cases. Load cases 25% 50% and 100% are
recorded in the same signal for a total duration of 900 seconds. Runup is performed
by linearly increasing the motor speed from 2000 RPM to 4500 RPM, as seen in
figure 3.21. The measured noise response is in Pa, and the measured acceleration
response is in standard gravity g.
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Figure 3.20: Recorded signals
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Figure 3.21: Recorded Speed signal

Figure 3.23 provides an overview of the signal analysis process. The process starts
with the extraction of signals for each load case, which are then processed using the
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waterfall analysis glyph. The waterfall analysis technique involves performing FFT
analysis at different speeds, and these FFTs are then stacked. The stacked FFT’s
can be visualised as a waterfall plot in figure 3.22.

Z:RMS Amplitude : (g)

- ‘- Speed (RPM)

Frequency (Hz)

Figure 3.22: Color map illustrating waterfall plot for acceleration

-

-

-

Figure 3.23: Signal analysis workflow

For this powertrain application, the hanning window method [25] is employed with
an appropriate buffer size to ensure that the frequency response of the system is ac-
curately captured. The complex frequency manipulation glyph slices the waterfall
data to produce the frequency response at specific orders.

Order tracking or order based resampling is a more accurate method of obtaining
system response at each order, but it is computationally expensive. The slicing
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method using complex frequency manipulation can be equally accurate when used
with an appropriate order bandwidth.

3.4 Comparison Between CAE and test data

The comparison of noise and acceleration response data from both CAE and exper-
imental sources needs to be accurately compared. To facilitate this comparison, the
acceleration and noise response data for each order is exported into a .csv file and
subsequently processed using Python.

It is important to note that the noise and acceleration response data from CAE
is typically reported in SPL(dB) and m/sQ7 respectively. Therefore, in order to
properly compare this data to the experimental results, the noise response data from
the experiment must first be converted into SPL (dB) using an appropriate formula.
Likewise, the acceleration response data from the experiment must be converted into
m/ s* by multiplying the values by the gravitational constant g, which has a value
of approximately 9.81 m/ s By converting the noise and acceleration response data
from the experimental source to the same units as the CAE data, the resulting
datasets can be properly compared and analyzed.
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Results and Discussion

Harmonics \ Hydraulic Gearbox Motor

1 3.2 27 8

2 6.4 o4 24
3 9.6 81 32
4 12.8 48

Table 4.1: Powertrain orders of interest

The section describes and analyses the results for the 100% load case, results for
50% and 25% loadcase are in the appendix. The prominent harmonic orders of the
powertrain can be categorized into hydraulic, gearbox, and motor excitations. The
hydraulic pulsation has orders 9, 18, 27, 36, etc. with respect to the pump input
shaft, which, when multiplied with the gearbox ratio, become orders 3.2, 6.4, 9.6,
12.8, etc. with respect to the motor speed, with the highest response at order 51.2.
The pinion gear is connected to the motor output shaft and has 27 teeth, thus having
orders 27, 54, and 81. Radial and tangential forces influence orders 8, 24, and 32,
and torque ripple influences orders 24 and 48.

4.1 Load Case 1 100% load

4.1.1 Noise

4.1.1.1 Gearbox Excitation Orders

The comparison between CAE data and test data for gearbox excitation orders 27
and 54 provides a valuable insight into the noise response of the powertrain due to the
gearbox excitation. Figures 4.1 and Figure 4.2 demonstrate that the speeds at which
the peaks occur in CAE data closely align with measurement data speeds. Since the
acoustic analysis on the powertrain was performed on each component separately due
to computational capacity, the response cannot be accurately compared between test
and CAE. Valleys due to overlap of different component anti-resonance frequencies
are noticeable at similar speeds in the test data, i.e., at 2200 RPM in order 27,
although valleys due to anti-resonance frequencies of each subcomponent may not
be visible due to involvement of resonance in other components, as seen at 2500
RPM in order 54. This approach does not accurately depict the system’s behavior
but is a good indicator of overall noise levels from the orders.
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Figure 4.1: Noise Response for order 27

CAE and Test data comparision for order 54 left mic

—— CAE gearbox
CAE motor

—— CAE pump

—— Test_data

CAE and Test data comparision for order 54 right mic

—— CAE gearbox
CAE motor
—— CAE pump

—— Test_data

noise Db
noise Db

T T T T T
2000 2500 3000 3500 4000 4500

T T T T
5000 2000 2500 3000 3500 4000
RPM

RPM

(b) Right mic

T
4500 5000

(a) Left mic

Figure 4.2: Noise Response for order 54

4.1.1.2 Electric Motor Excitation Orders

The orders 8, 24, 32, and 48 associated with the harmonics of the motor are due to
radial and tangential forces, and torque ripple excitations. Orders 8, 24, and 32 are

influenced by radial and tangential forces, and orders 24 and 48 are influenced by
torque ripple excitations.

Comparison of the CAE and test data suggests that orders relating to the torque
ripple have a good corelation, but the magnitude is overestimated. The orders
related to radial and tangential forces have a large deviation from the test data. In
the case of order 8, this can be attributed to background noise. Deviation in order
32 may be caused because it coincides with hydraulic pulsation order 32.
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4.1.2 Vibration

4.1.2.1 Gearbox Excitation Orders

The CAE vibration responses of orders 27, 54, and 81 have similar trends as in the
case of test data. The CAE data and test data have better corelation on the nodes
on top of the gearbox for gearbox excitation orders 27, 54, and 81, and similarly,
corelation for the node on the electric motor is better for motor excitation orders
24 and 48, suggesting an error in the connection modeled between motor, gearbox,
and pump FE components. In figure 4.10, the responses of orders 27, 54, and 81
relating to the gearbox excitations are compared in the frequency domain. In figure
4.10a, as expected from CAE data, the peaks of all three harmonics lie on the same
frequencies, but in the case of measured data, as seen in figure 4.10b, the peaks
of the harmonics tend to shift away from each other, and it is also noticeable that
the shift is larger in higher frequencies. This explains why order 27 has a better
corelation and orders 54 and 81 have a large difference between the speeds at which
the peaks occur. The figure 4.11 compares the gearbox orders 27, 54, and 81 with
hydraulic orders 28.8, 54.5, and 80. These lie very close to each other. The gearbox
response have harmonics similar to hydraulic orders; this may have been due to
order slicing bandwidth. The hydraulic orders lie in the bandwidth, which explains
the additional peaks present in the test data that are absent in the CAE data.
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4.1.2.2 Electric Motor Excitation Orders

Orders 8 and 32 relate to the radial and tangential excitations from the motor,
and orders 24 and 48 relate to the torque ripple. The orders 8 and 32 have a high
deviation from the test data. In the case of order 8, the response amplitude is low,
and the deviation may have been influenced by background noise. In the case of
order 32, the deviation may have been influenced by the order coinciding with the
hydraulic pulsation order 32, as seen in figure 4.16a, order 32 has peaks similar to
hydraulic order 28.8. Orders 24 and 48 have better corelation at the response node
above the motor, with peaks matching at similar speeds. Order 24 is overestimated
in the CAE data, as seen in figure 4.13 but order 48 has a better corelation despite
it coinciding with hydraulic pulsation order 48.
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Conclusion

The study aimed to analyze and compare the CAE model built in ROMAX with
the experimental data for the powertrain. In an ideal situation, the conditions of
the CAE model and the test data would be similar, with the test rig free from back-
ground noise and vibration. Since the CAE model does not include the hydraulic
pump dynamics, the damping from the transmission fluid and hydraulic oils, A de-
viation between the CAE and test data is expected.

The comparison between the NVH response of the powertrain obtained from the
ROMAX model and experimental data yields comparable results. The ROMAX
model demonstrated good correlation with the experimental data for the gearbox
excitations. However, for the NVH response from torque ripple, the ROMAX model
tended to overestimate the response, even though the peaks in the response align
with those in the experimental data. Conversely, the NVH response from the motor’s
radial and tangential forces was underestimated in the ROMAX model. These ob-
servations suggest that the ROMAX model of the powertrain provides a reasonable
approximation of NVH response, although fine-tuning the model to better represent
the experimental data would yield better results.

CHALMERS, Mechanics and Maritime Sciences, Master’s Thesis 2023 37



5. Conclusion

38



O

Future Work

In this study the focus was limited to comparison and understanding the key dif-
ferences in the CAE model and the test data. For future work on the topic and to
better co-relate the test data with the CAE data following topics can be explored.
e NVH response of the Hydraulic pump are higher than that from the gearbox.
Modelling the dynamics of the hydraulic pump and inclusion of hydraulic
pulsation orders into the CAE model.
o Including the damping from individual systems and components into the CAE
model.
o Influence of temperature variation on the system, and the influence it has on
the NVH behaviour of the system.
» Study on perceived noise and vibration from the powertrain would help better
understand the frequencies causing fatigue and annoyance for the occupants.
o Study the effect of wear on the NVH characteristics on the powertrain.
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A.1.1.2 Electric Motor Excitation Orders
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A.1.2.2 Electric Motor Excitation Orders
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A.2.1.2 Electric Motor Excitation Orders
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A.2.2.2 Electric Motor Excitation Orders
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Figure A.25: Acceleration response for order 32

XIX



A.

Appendix 1

Normalised Acceleration (m/s™2)

(a)

2

1754

Normalised Acceleration (m/s™2)

(c)

1.50 +
1254
1.00 +
0.75 4
0.50 4

0.25 4
/—\/\,7____,____\__/

0.00 4

CAE and Test data comparision for order 48

12
—— CAE data
Test_data
1.0+
0.8 4
0.6
0.4 4
0.2
[Aa
/ q‘\\—\_‘___/——_ —
0.0
T T T T
2000 2500 3000 3500 4000

Node on the top of gearbox

CAE and Test data comparision for order 48

004 —— CAE data
Test_data

T T T T
2000 2500 3000 3500 4000

Node on the electric motor

CAE and Test data comparision for order 48

2.00 4 —

175 4

1.50

1.25 4

1.00

0.75 4

0.50

Normalised Acceleration (m/s”2)

CAE data
Test_data

BTN
e — ]

0.00

T T T T
2000 2500 3000 3500 4000

(b) Node on the side of gearbox

Figure A.26: Acceleration response for order 48

XX



A. Appendix 1

A.3 Load Case 3 25% load
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A.3.1.2 Electric Motor Excitation Orders
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Figure A.34: Acceleration response for order 54
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CAE and Test data comparision for order 81 CAE and Test data comparision for order 81
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Figure A.35: Acceleration response for order 81
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A.3.2.2 Electric Motor Excitation Orders
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Figure A.36: Acceleration response for order 8
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CAE and Test data comparision for order 24 CAE and Test data comparision for order 24
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Figure A.37: Acceleration response for order 24
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CAE and Test data comparision for order 32
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Figure A.38: Acceleration response for order 32
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CAE and Test data comparision for order 48 CAE and Test data comparision for order 48
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Figure A.39: Acceleration response for order 48
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