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Abstract: The 3-in-1 electric drive unit (EDU) has the advantage of increasing the motor size for a
larger output, and the reducer can be a compact layout designed to incorporate three key compo-
nents—the drive motor, inverter, and reducer—into a single main body. This paper explores a hy-
brid simulation model for a 3-in-1 electromechanical drive unit (EDU) and its supporting compo-
nents, consisting of the gear drive unit (GDU) mount, the motor mount, and the roll rod mounts.
The synthesis of these sub-components, including the 3-in-1 EDU itself, the three supporting mount
modules, and a rigid-body finite element model, is presented. The dynamics of the 3-in-1 EDU were
determined through an experimental modal test. Meanwhile, the dynamic stiffness and damping
coefficients of the three supporting mounts were measured using an elastomer tester across a fre-
quency range from 10 Hz to 1000 Hz. To evaluate the sensitivity of each mount, the total spectral
responses of the 3-in-1 EDU were compared under a torque input, considering rigid connections for
each mount in contrast to their original dynamic stiffness. Through installing a rollrod mount, the
optimal rigid connection was identified to control the dynamic response of the 3-in-1 EDU hybrid
model. Furthermore, simulation results for the rigid connections in each mount were validated
against experimental findings, confirming that the rigid rollrod mount configuration provided the
best results.

Keywords: hybrid simulation model; electric drive unit; frequency response function based
sub-structuring; supporting mount; dynamic stiffness; powertrain dynamometer

1. Introduction

The mechanical component referred to as a “vibration isolator’ or ‘mount module’ fulfills
the role of maintaining the supporting system at a desired height while simultaneously pre-
venting the transmission of vibrational energy generated during operation [1-11]. Within the
operational processes of each subcomponent, the mount module tries to mitigate the interfer-
ence among adjacent subcomponents to the greatest possible extent and minimizes the reac-
tive forces generated during operation, thereby favorably securing the desired dynamic char-
acteristics. Mount modules can be categorized into ‘passive’ [12-16], ‘semi-active’ [17-20],
and “active’ [21-25] types based on their operational modes. Passive mounts can encom-
pass a diverse range of forms, such as those utilizing the elasticity of rubber or polyure-
thane or incorporating geometrically structured coil springs or air springs. To create de-
coupled modes of the supporting system, a vibration isolation device was proposed for
microlevel excitation via the implementation of different directional coil spring stiffnesses
[12] or their installation [13]. A non-linear six-degrees-of-freedom (DOFs) vibration isola-
tor was applied to the Stewart platform configuration [14], and novel vibration isolators
were proposed with viscoelastic materials for rotating machinery [15] or a tuned mass-
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damper-inerter for the five-DOFs model of the statue [16]. However, owing to the require-
ment for separate actuators or controllers, “semi-active” or “active” mount modules may
incur increased costs. Recently, in the context of transportation vehicles, “magnetorheo-
logical (MR)-type” mount modules have exhibited excellent operational performance.
However, this is accompanied by the potential drawback of increased weight.

The 3-in-1 electric drive unit (EDU) is a product which simplifies the drive motor,
inverter, and reducer into a single unit. Compared to the conventional setup of three in-
dividual components, this product is a vital component for electric vehicle propulsion,
with advantages such as enhanced spatial efficiency and heightened efficiency in power
transmission. However, addressing the challenges related to heat dissipation from the
drive motor and minimizing vibrations during operation presents a burden that necessi-
tates the application of diverse engineering techniques. To enhance NVH (noise, vibration,
and harshness) performance, the 3-in-1 EDU was supported by three mounts, each corre-
sponding to the gear drive unit (GDU) mount, motor mount, and rollrod mount, depend-
ing on the area of support.

The dynamics of a mechanical system can be identified through examining the fre-
quency response function (FRF) between the input and output locations in the frequency
domain, assuming that the system adheres to linearity [26,27]. In cases where the target
system displays a high degree of complexity or where obtaining data from certain parts
of the structure proves challenging, amalgamating FRFs from different subcomponents
can aptly portray the collective FRFs of the entire system. The FRF-centered substructur-
ing technique offers the capacity to predict the linear conduction of the system of interest
through utilizing multiple FRFs from distinct subcomponent locations [28-31]. FRFs can
be acquired either via modal testing or through computing them using a finite-element
model (FEM), affording flexibility in the selective synthesis of FRFs through experimental
testing or modal analysis. The hybrid model demonstrated its effectiveness in segmenting
the total system into discrete subparts: one procured experimentally and the other fash-
ioned through the FEM. Through employing the FRF-based substructuring method, this
strategy proficiently predicts the overall system dynamics [32-35].

This study investigated the simulation of operational states using a hybrid simulation
model that combines experimental data and a finite element model, aiming to achieve an
optimized mount design for the three-point supported electric vehicle powertrain. The
dynamic stiffness values of the three mounts were experimentally measured for the fre-
quency range of interest, which spanned from 10 Hz to 1000 Hz, using elastomer test
equipment. The frequency range of the mounted devices was based on the noise, vibra-
tion, and harshness (NVH) performance of the 3-in-1 EDU system from the supplier. The
modal parameters of the supported entity, the 3-in-1 EDU, were measured using separate
experimental modal analyses. The hybrid simulation model of the 3-in-1 EDU utilizes the
measured model parameters, dynamic stiffness values of the three mount modules, and
rigid finite element models for the mounting portions of the three mounts in the form of
arbitrary rectangular shapes. The dynamic response values for the established hybrid sim-
ulation model of the 3-in-1 EDU were obtained and validated through comparing them
with experimental data measured on a powertrain dynamometer (AVL/Germany). Both
results confirmed that the rigid rollrod mount was the best choice of supporting condition
over the original one by means of minimizing the spectral response range between 10 and
1000 Hz. Therefore, the proposed hybrid simulation model is the optimal solution for se-
lecting the dynamic stiffness of the supporting mounts to enhance NVH performance.

2. Theoretical Background

It is possible to predict the FRF in an assembled complex system using the combina-
tion of FRFs of sub-components according to the FRF-based sub-structuring technique as
follows: If an assembled system comprises n substructures and all assembled locations are
certain locations 4, the displacement (x) and force (f) applied to the assembly can be ex-
pressed in Equations (1) and (2) [28].
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where subscripts A and 1,2,...,n are the coordinates of the assembled system and sub-
structures, respectively. Equations (1) and (2) can be defined as the compatibility and equi-
librium, respectively, and are formulated as follows:

Xa = Hpfy. (3)

Xs = Hgfs, 4)

where s refers to the coordinates of the substructures, and both H, and Hg denote the
receptance matrices of the assembly and substructure, respectively. If the receptance ma-
trices of two substructures a and b exist, both matrices can be expressed as follows:

H H,;
aH — [a mm a ml:l. (5)
allim  aly
H H,;
bH — [ b imm b mL]. (6)
pHun  pHii
The receptance of the assembled system can be formulated below.
aflnn aflnj  apHnn allii aflim 0 afim
aHjn Hj' ij =1 aHmm  offmm 0 = | aHmm
abflnn pHmm  pHimn | 0 0 vHi; = oHim
- T @)
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[ aHmm + mem] aHmm ’
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where scripts m and i denote the master and internal coordinates, respectively, and
scripts j and n represent the joint and nonjoint coordinates, respectively. This concept
is called the receptance coupling (RC) method [28], and several disadvantages can be over-
come through introducing a generalized receptance coupling (GRC) method [29]. If sub-
scripts a and n denote the internal coordinates of the substructure and assembly, and
subscripts b,c, and j represent the joint coordinates, the receptance matrix formula can
be expressed as Equations (8) and (9), respectively.

Xa Haa Hab Hac fa
Xp|=Hpa Hpp Hpc||fp]- (8)
Xc Hca ch Hcc fc
[xn] _ Hyn  Hyj fn] )
Xajl | Hjn  HjILGT

For the substructure, the joint coordinates x;,, and x, can be formulated for the con-
ditions of compatibility and equilibrium, as follows:

Xp = X¢ = Xj. (10)
fo + 1o =T (11)

For non-joint coordinates, the coupling relationship should be acceptable.
Xg = Xp. (12)

fa = fa (13)
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Under the coupling relationship between the assembly and substructure, the re-
ceptance matrix formulation can be expressed in a simple form in Equation (14).

R A N e SRR et
Hca Hcc ch Hcc bb c« be cb ch - Hcc (14)
Haa ab] Hac H ] 1 H Hab]T
= Hy, +H.. — Hye — H,
Hya Hyp| ™ [Hyo — Hyp) o0 + Hec 1 Hy — Hy,

The GRC method was used for the hybrid simulation model of the 3-in-1 EDU system
with a supporting mount module.

3. Dynamic Mechanical Property Test of Support Mounts

Owing to the 3-point support setup of the 3-in-1 EDU, its dynamics may be influ-
enced by the dynamic characteristics of the mounting modules, and the effective orienta-
tion of each mount may vary depending on the mounting position. The roll mount pro-
vides roll control in the lateral direction (X-direction), while the remaining two mounts,
namely the gear drive unit (EDU) mount and the motor mount, each play a role in sup-
porting the structure along the three axes. The configuration of the three mounts on a 3-
in-1 EDU is shown below (Figure 1).

Gear Drive Unit (GDU) Mount | | Rollrod Mount l | Motor Mount I

Figure 1. Configuration of three supporting mounts in 3in1 EDU.

The test equipment, an Elastomer Test System (Model 831, MTS Systems Corpora-
tion, Eden Prairie, MN, USA), was employed to perform elastomer tests across a frequency
range of 10 Hz to 1000 Hz, which represents the maximum available frequency band. The
assessment was divided into two or three frequency intervals, to improve the efficiency of
the elastomer tests. The test specifications of the three mounts are listed in Table 1. Con-
sidering the operational conditions, the rollrod mount required testing only in the X-di-
rection, whereas the other two mounts required testing in all three directions. The test
specifications are summarized in Table 1, and the measured dynamic stiffness results are
shown in Figure 2. The real and imaginary values represent the dynamic stiffness and
viscous damping coefficient of the tested mount, respectively. Several peak values were
found at frequencies greater than 500 Hz because of the resonance frequency of the mount
structure at the excitation frequency point.
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Figure 2. Dynamic mechanical properties of support mounts: (a) GDU mount, X-direction; (b) GDU
mount, Y-direction; (¢) GDU mount, Z-direction; (d) motor mount, X-direction; (¢) motor mount, Y-
direction; (f) motor mount, Z-direction; (g) rollrod mount, X-direction.

Table 1. Test specification for support mounts.

Mount Type Frequency (Hz) Step (Hz) (mll)r:,silp) Direction Preload (static)
10~100 2 0.2
Rollrod 100~280 10 0.05 X 0 kgf
280~1000 10 0.01
GDU 10~100 2 0.2 XY,z 0kgf (X, Y)
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100-280 10 0.05 75 kef ()
280~1000 10 0.005
10~100 2 0.2 0 kgf (X, Y)
Mot XY, Z
oror 100~280 10 0.005 70 kgt (Z)

4. Hybrid Simulation Model of 3-in-1 Electric Drive Unit
4.1. Experimental Modal Test of 3-in-1 EDU

The 3-in-1 EDU comprises various subparts operating under different boundary con-
ditions, making it challenging to assemble a complete model after rigorously verifying
each part or interconnected component. To overcome this challenge, a hybrid simulation
model for the 3-in-1 EDU was introduced to determine the best support mount conditions
through directly implementing the experimental data into the simulation model. To iden-
tify the dynamic characteristics of the target system, experimental data from the target
unit w were obtained through an experimental modal test. The free-free boundary condi-
tion for the 3-in-1 EDU was achieved through suspending the heavy test specimen in mid-
air using ropes, as illustrated in Figure 3. An experimental modal test was conducted for
the entire body of the 3-in-1 EDU using an impact hammer, and the response data were
measured using three axial accelerometers (#1-#36), as shown in Figure 4.

Inverter

“L .
A"}.‘\f‘?ﬂ

%
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Motor Cover

Motor Housing

T

(c) (d)

Figure 4. Attachment of 3-axial accelerometers: (a) GDU housing; (b) inverter; (c) motor cover; (d)
motor housing.

Under the free-free boundary condition, the frequency response functions were
measured using an impact hammer at the torque input locations. The measured frequency
response functions were used to extract modal parameters within the frequency range of
interest, spanning from 10 Hz to 1000 Hz using the PolyMAX algorithm in Test.Lab soft-
ware (version 15A, Siemens, Munich, Germany).

4.2. Hybrid Simulation Model of 3-in-1 EDU including a Rigid Finite Element Model

The simulation model for the 3-in-1 EDU subject to 3-point support was integrated
with experimentally measured data and rigid finite element models. The modal parame-
ters of the supported 3-in-1 EDU model were based on the values provided in the experi-
mental modal test, whereas the mechanical dynamic characteristics of the mount modules
responsible for the 3-point support were directly input, as illustrated in Figure 5. This
integration process was conducted using Virtual.Lab software (version 13.10, Siemens,
Munich, Germany), and the connecting nodes for the stiffness and damping values of the
mounts were selected using three arbitrary points from a rigid finite element model. To
ensure that the first resonance frequency exceeded 15,000 Hz in the dummy FEM, the fi-
nite element model was developed using Hypermesh software (ALTAIR/Troy, MI, USA)
with a very high elastic modulus. Consequently, the three mounts were connected to a
virtual rigid body, creating an integrated system in which the experimental data and finite
element models were combined. These subcomponents were synthesized based on the
GRC method, which is theoretically expressed in Equation (14). Each sub-component was
assembled via the FRF-based sub-structuring option provided in the commercial Vir-
tual.Lab SW, and the theoretical background was obtained using the GRC method.



Machines 2023, 11, 1026

8 of 14

©)

Inverter (#2)

Motor Cover (43)

Rigid Model (FEM)

Motor Housing (#4)

Q)

e
GDU Housing (#1) ’ Rollrod mount

Figure 5. Integrated hybrid mode of 3-in-1 EDU using measured experimental data and rid finite
element model.

4.3. Verification of Hybrid Simulation Model of 3-in-1 EDU

To preserve the inherent dynamics of the 3-in-1 EDU within the simulation, a simu-
lation model for the 3-in-1 EDU was constructed based on experimental data. If the com-
plex powertrain system was represented using several finite element models of the sub-
components, a significant portion of the effort would have been dedicated to verifying the
accuracy of the simulation model. To emphasize the advantages of utilizing the hybrid
model for the 3-in-1 EDU, a preliminary accuracy check was performed through compar-
ing the resonance frequencies within the frequency range of 10-1000 Hz, as summarized
in Table 2. The maximum error (=|Experiment — Simulation|/Experiment X 100) in the res-
onance frequency was 0.6%, ensuring the reliability of the simulation model based on
these results. The advantage of the proposed hybrid 3-in-1 EDU model can certainly be
emphasized by the accuracy of the resonance frequency error in Table 2, owing to the
direct utilization of the experimental data in the simulation model.

Table 2. Comparison of resonance frequencies between experiment and simulation model.

Experiment Simulation Error (%)
205.6 206.9 0.6
495.2 495.2 0.0
552.5 553.8 0.2
629.3 629.7 0.1
691.9 693.7 0.3
785.8 790.1 0.5
832.6 834.8 0.3
902.6 907.9 0.6

5. Evaluation of Dynamic Characteristics of Supporting Mounts
5.1. Dynamic Response from Hybrid 3-in-1 EDU Model

The three mounts were evaluated using the proposed hybrid 3-in-1 EDU model for
four cases: original equipped mounts, rigid EDU mounts, rigid motor mounts, and rigid
rollrod mounts. The original mount case represents the direct implementation of the
measured dynamic stiffness data, as shown in Figure 2. To mimic the rigid behavior of the
responsible mount, the rigid mount case was assigned by the increase in stiffness of each
mount to more than 1000 times the original measurement across all frequency bands. The
responses of the 3-in-1 EDU model were regarded as the evaluation indicator of NVH
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performance through selecting four measurement locations that could well represent the
response of the main sub-components, the GDU housing (#1), the inverter (#2), the motor
cover (#3), and the motor housing (#4), as illustrated in Figure 2 as white circles. The
torque input was assigned near the location where the torque was generated during the
operation of the 3-in-1 EDU in the experiment. The acceleration data for the four response
positions (#1-#4) were measured under the torque input conditions, and the frequency
responses of the four locations with respect to the torque input are plotted in Figure 6.
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Figure 6. Dynamic response at simulation mode of 3-in-1 EDU: (a) GDU housing; (b) inverter; (c)
motor cover; (d) motor housing.

The assigned mount cases were evaluated using the averaged response data over the
torque input in Figure 6, and an interesting frequency range was selected for two intervals:
the low-frequency range from 10 Hz to 400 Hz and the high-frequency range from 400 Hz
to 1000 Hz. In addition, for different supporting mount cases, the total value of the four
measurement locations indicated the NVH performance of the 3-in-1 EDU model. There-
fore, the best mounting case can be identified with the lowest total value of the averaged
data, as summarized in Table 3. The simulation results indicated that the rigid rollrod
mount case was the best, and the rigid GDU mount was the worst, compared to the orig-
inal mounted mount case.

Table 3. Normalized response from 3-in-1 EDU model.

. . Low Frequency Range High Frequency Range
Mount Condition Location (10-400 Hz) (400-1000 Hz) Total Rank
#1 0.705 0.211
.. #2 0.136 0.337
Original P 0.768 0.846 4.222 3
#4 0.793 0.427
. #1 0.705 0.245
Rigid GDU #2 0.135 0.441 4.667 4
Mount (worst)

#3 0.768 1.000 (worst)
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#4 0.793 0.579
#1 0.675 0.162
Rigid motor #2 0.120 0.206
Mount #3 0.726 0.334 3415 2
#4 1.000 (worst) 0.193
#1 0.668 0.152
Rigid Rollrod #2 0.138 0.230 3304 1
mount #3 0.820 0.473 ’ (best)
#4 0.713 0.129

The average value of the two frequency ranges differed between the measurement
locations; the response value was higher in the low-frequency range for #1, #3, and #4, but
the average value was higher in the high-frequency range for #2. For the low-frequency
range, the dynamic mechanical properties were low, such that the effect from the mount
part was relatively low at the 3-in-1 EDU and the dynamics from the supporting system
itself may be dominant for dynamic responses. In the high-frequency range, the dynamic
mechanical properties improved, and several peaks were observed in the spectral range,
as shown in Figure 2.

5.2. Dynamic Response from Powertrain Dynamometer Test of 3-in-1 EDU

To validate the simulation results experimentally, experiments were conducted on a
3-in-1 Electric Drive Unit (EDU) using a powertrain dynamometer (AVL, Graz, Austria).
The drive motor of the powertrain unit is subjected to a Wide Open Throttle (WOT) torque
input. Acceleration sensors were attached to positions (#1-#4) corresponding to those in
Figure 5, and measurements were taken during the operation, as illustrated in Figure 7.
To implement the rigid mounting conditions presented in Table 3, the elastomer part was
replaced with a stiff structure (SUS304 or aluminum), as shown in Figure 7. Under the
WOT torque input, the frequency response over the torque input, which is referred to as
the normalized response, was measured and plotted in Figure 8.
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Figure 7. Installed mount for dynamometer test of 3-in-1 EDU: (a) GDU mount— original; (b) GDU

mount—rigid; (c¢) motor mount— original; (d) motor mount—rigid; (e) rollrod mount—original; (f)
rollrod mount—rigid.
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Figure 8. Dynamic response from powertrain dynamometer test of 3-in-1 EDU: (a) GDU housing;
(b) inverter; (c) motor cover; (d) motor housing.

The experimental results show that the first resonance frequency of the 3-in-1 EDU
can be found at approximately 200 Hz, and higher peaks can be found in the high-fre-
quency range. To objectively compare the NVH performance, the same response data cal-
culation was conducted for two frequency ranges (10-400 Hz and 400-1000 Hz), as sum-
marized in Table 4. The test results indicated that the best and worst mount cases were the
rigid rollrod mount case with a steel structure and the rigid motor mount, respectively.
Because the rigid GDU mount case was the second-worst case, the test results were well
represented by the simulation results in Table 3, and these results revealed the reliability
of the proposed 3-in-1 EDU model. The large difference from the simulation results could
be attributed to the increase in the response in the high-frequency range owing to the in-
crease in the excitation source from the three mounted parts. Indeed, the peak values from
the three mounts excited the fixture structure directly connected to the mount, such that
the amplified high-frequency perturbation may increase the system response at the meas-
urement locations. However, unexpected excitation from the supporting mount could not
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be triggered in the simulation model because of the ideal rigid FEM model connected to
the three mounts.

Table 4. Normalized response of 3-in-1 EDU specimen from powertrain dynamometer test.

.. . Low Frequency Range High Frequency Range
Mount Condition Location a 0‘34 00 };Iz) & & 40 Oill 000 I)-’Iz) & Total Rank
#1 0.558 0.512
.. #2 0.674 0.861
Original 3 0.499 0.509 4.556 3
#4 0.592 0.351
Rigid GDU #1 0.674 0.563
Mount #2 0.664 0.928 4932 4
(steel) #3 0.520 0.585
#4 0.626 0.372
Rigid motor #1 0.776 0.524
Mount #2 1.000 (worst) 1.000 (worst) 5.8%6 5
(aluminum) #3 0.981 0.500 (worst)
#4 0.678 0.367
. #1 0.473 0.494
ngﬁiﬂimd # 0.576 0.794 070 1
(steel) #3 0.456 0.481 (best)
#4 0.460 0.336
Rigid Rollrod #1 0.483 0.535
Mount #2 0.560 0.763 4120 5
(aluminum) #3 0.441 0.508
#4 0.466 0.364

From the analytical results from both the simulation and experiment, the refinement
of the 3-in-1 EDU should be based on the redesign of the 3-in-1 EDU to minimize the
resonance frequency peaks at approximately 200 Hz in the low-frequency range. For the
high-frequency range, the dynamics of the supporting mounts are an important factor in
representing the dynamic responses of the target system, and candidate mount cases are
suggested based on the rigid mount condition at the supporting locations. The best result
was consistently found in the rigid roll rod mount case, and the optimal plan verified the
reduction in the dynamic response over the original mounted mount case. In addition, the
proposed hybrid 3-in-1 EDU model is an efficient alternative for selecting the optimal me-
chanical properties of supporting mounts instead of expensive experimental verifications
to enhance the NVH performance.

6. Conclusions

A hybrid 3-in-1 EDU model was proposed via incorporating the experimental modal
data of the 3-in-1 EDU and the measured mechanical properties of the three supports. The
sub-assembly between the dummy rigid FEM model and the three mounts, the sub-as-
sembly between the three mounts, and the experimental modal model were merged into
one simulation model using the GRC method. The hybrid simulation model was prelimi-
narily compared to the measured resonance frequencies within the frequency range of
interest. The reliability of the proposed simulation model was verified with experimental
response data through comparing the averaged normalized responses for two spectral
ranges: 10400 Hz and 400-1000 Hz. Both results indicate that the rigid rollrod mount case
was the best for the minimization of the responses at 3-in-1 EDU. Several peak values of
the measured mechanical properties were found at more than 500 Hz, such that the aver-
aged normalized response values were closely related to the nature of the three mounts,
whereas the averaged normalized response in the low-frequency range was dependent on
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the characteristics of the 3-in-1 EDU. Therefore, the refinement of the EDU can be en-
hanced through decoupling them into two spectrum ranges: the design modification of
the EDU itself from 10 Hz to 400 Hz, and the modification of the dynamic characteristics
for supporting mounts from 400 Hz to 1000 Hz. Because the accuracy of the proposed
hybrid 3-in-1 EDU model was acceptable after the verification of the dynamic responses
with experimental data, the proposed model can supersede the experimental test proce-
dure to determine the optimal condition of the supporting mount case.
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