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Abstract. In order to reduce the problem of unsprung mass increased caused by using of in-wheel
motor, resulting in poor ride comfort of in-wheel motor drive (IWMD) electric vehicle. A new
type in-wheel motor drive electric vehicle vibration reduction system is designed based on the
special structure of axial flux motor, and the stator of axial flux motor is suspended by rubber
bushing and stator suspension. Then the effectiveness of the designed IWMD electric vehicle
vibration reduction system is verified by simulation analysis. The parameters of the designed
IWMD electric vehicle vibration reduction system is optimized by orthogonal experiment to
further improve which vibration reduction performance, and the optimal parameters scheme of the
designed IWMD electric vehicle vibration reduction system is determined by comparative
simulation analysis.

Keywords: in-wheel motor drive, electric vehicle, vibration reduction system, orthogonal
experiment, parameter optimization.

1. Introduction

The in-wheel motor drive system simplified transmission system structure, reduce the loss of
power in the transmission process, improve the efficiency of the vehicle, and achieve the driving
force optimal distribution. However, due to the special driving mode of in-wheel motor, the
unsprung mass of the vehicle increases and the ride comfort of the vehicle is reduced [1].
Moreover, unbalanced electromagnetic force is generated due to the change of air gap between
the stator and the rotor of the in-wheel motor when vehicle driving on the uneven road, which
further deteriorates the ride comfort of the vehicle [2]. Therefore, how to reduce the impact of the
increase of unsprung mass and the unbalanced electromagnetic force caused by the change of air
gap on vehicle ride comfort is an urgent problem should be solved.

Scholars have extensively researched the design of electric wheel and vibration damping
system to reduce the negative influence of the increase of unsprung mass of in-wheel motor.
G. Nagaya [3] proposed an Advanced-Dynamic-Damper-Motor (ADM) system, the motor is
attached to unsprung mass through a spring and damper of exclusive use, which can make the
motor work as a dynamic damper. The ADM system can improve vehicle ride comfort and reduced
the vibratory input to the motor. K. M. Rahman [4] made an innovative design for the motor, and
the motor stator is connected with the frame to transform the stator mass into sprung mass, which
effectively improved the smooth performance of the vehicle. However, the working environment
of the motor became more worse, which may reduce the service life of the driving motor.
Y. L. Han [5] designed a new type of in-wheel motor electric vehicle wheel. The rubber bushing
is added between the stator and the wheel support shaft, to suspend the stator so that it has vibration
absorption function. J. H. Huang [6] proposed a vibration-damping system based on the electric
wheel, which can realize the transfer of motor mass from unsprung mass to sprung mass, and play
the role of dynamic vibration absorber. Y. M. Hu [7] proposed a novel suspension configuration
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to solve the problem of vibration negative effects caused by in-wheel motor, which combining
dynamic damping and active suspension. And a multi-objective particle swarm optimization linear
quadratic regulator is designed to optimize the parameters of the new suspension. H. Z. Ren [8]
designed an in-wheel motor suspension system, which can be installed in the electric wheel to
reduce the negative effect of vertical vibration caused by the increase of sprung mass of electric
vehicle driven by in-wheel motor. The design concept is to arrange a set of rubber bushing in the
electric wheel, realize the elastic isolation of motor mass and other unsprung masses, associate
part of unsprung mass with vehicle body, and absorb part of the vibration transmitted to the electric
wheel caused by road excitation. P. P. Zhao [9] put forward a new in-wheel motor drive model
(NIWMD), the in-wheel motor and the electromagnetic damper constitute a dynamic vibration
absorber, and studied the influence of NIWMD system parameters on vertical performance
evaluation indexes of IWMD vehicle. X. B. Chen [10] apply the principle of adaptive transmission
to enable propulsion motor to work as the dynamic vibration absorber to suppress the unsprung
mass vibration. The research direction of vibration reduction system of electric vehicle driven by
in-wheel motors is mainly based on traditional radial motors, and the change of motor air gap
caused by vibration can be reduced by optimizing motor structure or control strategy [11, 13], so
as to achieve the corresponding vibration reduction effect.

However, there are few researches on using the special structure of axial flux motor to design
the vibration reduction system of IWMD electric vehicle, so as to reduce the problem of
deterioration of vehicle ride comfort due to the increase of unsprung mass caused by using of
in-wheel motor. Therefore, new vibration reduction system is designed based on axial flux motor,
the parameters of new vibration reduction system is optimized by orthogonal experiment. Finally,
the optimal parameters scheme of new vibration reduction system is obtained to make the IWMD
electric vehicle have good ride comfort.

2. Design and analysis of IWMD electric vehicle vibration reduction system

In order to reduce the influence of the increase of unsprung mass caused by using of in-wheel
motor and the unbalanced electromagnetic force caused by the change of air gap of drive motor
on vehicle ride comfort, it is necessary to redesign the configuration of IWMD electric vehicle
vibration reduction system.

2.1. Design of new vibration reduction system

When using in-wheel radial motor as the power plant of IWMD electric wheel, the unsprung
mass will increase, and unbalanced electromagnetic force will be generated by the change of the
air gap between the stator and rotor of radial motor during the driving process. The increase
unsprung mass and the normal component of the unbalanced electromagnetic force will deteriorate
the vehicle ride comfort [14]. In order to solve above problems, axial flux motor is used to reduce
the generation of normal unbalanced electromagnetic force, and the motor vibration reduction
system is designed. The designed structure of new vibration reduction system is shown in Fig. 1.

As shown in Fig. 1, rotor 2 is connected to hub 1 through flange construction, stator 3 is
suspended by rubber bushing 4 and stator suspension 7, rotor 2 is connected to motor shaft 5 and
stator 3 respectively through bearings 8 and 9, and vehicle suspension 6 is connected to motor
shaft 5.

2.2. Dynamics modeling of 1/4 vehicle

In order to simplify the vehicle vibration model into 1/4 vehicle vibration model to analyze the
vertical vibration performance of the IWMD electric vehicle, sprung mass, suspension equivalent
stiffness and damping, road unevenness are assumption symmetric distribution with the
longitudinal axial symmetrical of vehicle. The 1/4 vehicle vibration models are shown in Fig. 2.
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Fig. 1. Structure of new vibration reduction system: 1 — hub; 2 — rotor; 3 — stator; 4 — rubber bushing;
5 — motor shaft; 6 — vehicle suspension; 7 — stator suspension; 8 — bearing; 9 — bearing
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a) With traditional vibration reduction system b) With new vibration reduction system
Fig. 2. 1/4 vehicle vibration models

Based on the Newton laws, the 1/4 vehicle vibration model of IWMD electric vehicle with
traditional vibration reduction system can be formulated as:

{msjés + ¢ (ks = %p) + ki (x5 — %) =0, (1)
(mb + Mgy + mes)jéb + Cl(xb - xs) + kl(xb - xs) + kO(xb - xO) = 0.

The 1/4 vehicle vibration model of IWMD electric vehicle with new vibration reduction
system can be formulated as:

msjés + Cl(xs - xb) + Cz(xs - J.Ces) + kl(xs - xb) + kz(xs - xes) =0,
(mb + mer)jéb +c (xb - xs) +c3 (xb - J‘Ces) + kl (xb - xs) + k3 (xb - xes) (2)
+k0(xb - xO) = 0,
mesjc'es + Cz(xes - xs) + C3(5Ces - xb) + kz(xes - xs) + k3(xes - xb) =0,
where, mg is 1/4 sprung mass; m;, is wheel assembly mass(include wheel mass and motor shaft
mass ); m,s is stator mass; m,, is rotor mass; k, is tire stiffness; k; is vehicle suspension

stiffness; c¢; is vehicle suspension damping; k, is stator suspension stiffness; c, is stator
suspension damping; k5 is rubber bushing stiffness; c; is rubber bushing damping; x, is the road
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input to the tire; x;, is the vertical displacement of tire; x, is the vertical displacement of stator;
X is the vertical displacement of sprung mass.
Eq. (2) can be written into matrix form as:

Xs Xg Xs 0
M|&, | +C | |+ K% | = |ko|x0(5), 3)
J.C.es xes Xes 0

where, M is the mass matrix, C is the damping matrix, K is the stiffness matrix:

m 0 0
M=[0 my+mg, 0 l 4
0 0 Mes
kl + k2 _kl _kz
K = _kl ko + kl + k3 _k3 ) (5)
_kz _k3 k2 + k3
Cl + CZ _Cl _CZ
C=| - ¢+ —c (6)
—c, —Cc3 Cy+cy
The Laplace transform of Eq. (2) can be formulated as:
((=msw? + (c1 + c2)jw + ky + k)% (jw) — (cjw + ky)xp (jw)
—(cgjw + ky)x.s(jw) =0,
(=(my, + mp)w? + (c1 + c3)jw + kg + kg + k3)x, (o) — (cjo + ky)xs(jw) )

_(CSjw + k3)xes(jw) - kOxO = 0'
(—Mesw? + (¢ + c3)jw + ky + k3) x5 (jw) — (cjw + k) xs(fw)
—(c3zjw + k3)xp(jw) = 0.

In order to simplify Eq. (7), set A = —-myw?+ (¢; + ¢;)jw + ky + ky, B=—(my, +
Mo )02 + (¢ + c3)jw + ko + kg + k3, C=—meew?+ (c; +¢3)jw+ky + ks, Ey =cjo+
ki,E;, = cjw+ky, E5 = c3jw + kj.

The amplitude-frequency response function of the vertical displacement of sprung mass to the
vertical displacement of tire is obtained by solving Eq. (7):

Xs _ CE; + E>E5

: 8
xp,  E,2—AC ®

The amplitude-frequency response function of the vertical displacement of sprung mass to the
vertical displacement of road is:

Xs —(ko(CE, + E3E3))

= 2 2 2 : )
x() CE1 + 2E1E2E3 + BE2 + AE3 - ABC

The amplitude-frequency response function of the vertical displacement of wheel to the
vertical displacement of road is:

Xp ko(Ez2 —AC) (10)
Xo CE,%+ 2E,E,E; + BE,% + AEs? — ABC'

The amplitude-frequency response function of the vertical displacement of stator to the vertical
displacement of road is:
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Xes _ —(ko(AE; + E E5))
Xo CE,*+ 2E,E,E; + BE,* + AE;* — ABC

(11)

As for the IWMD celectric vehicle with new vibration reduction system, the
amplitude-frequency characteristics of sprung mass vertical acceleration (SVA), vehicle
suspension dynamic deflection (VSDD), tire dynamic load (TDL) and stator mass vertical
acceleration (SMVA) are as follows:

. X’ x
IHy| = [HG0) gz, = || = x_s "
)
. fd| 1 xs_xb|
H.|=|H ~n — | = 13
|Hy| = [HG )54~ |5c0 wl  xg -
F, 1 1ko(xp — x0)
L Ry 1 ko — %) 14
|H3| = [H(w)|ry 6~ Gxol  Gw Xo ’ "
. x x
IHal = |HG0)|xpero = [5| = f "
i)

2.3. Dynamic analysis

In order to analyze the effectiveness of the designed new vibration reduction system, Simulink
models of the 1/4 vehicle vibration model of IWMD electric vehicle with traditional vibration
reduction system and with new vibration reduction system are established respectively. The
established Simulink model of the 1/4 vehicle vibration model of IWMD electric vehicle with new
vibration reduction system is shown in Fig. 3.
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Fig. 3. Simulink model of the 1/4 vehicle vibration model of IWMD eEtric vehicle
with new vibration reduction system

The simulation road is set as B-level, vehicle speed is set as 10 m/s, and simulation time is set
as 10 s. The key parameters of simulation are shown in Table 1.

The dynamic time domain responses of the IWMD electric vehicle with traditional vibration
reduction system and with new vibration reduction system are shown in Fig. 4.

As can be seen from Fig. 4, when the IWMD electric vehicle driving on B-level road with
speed of 10 m/s, the SVA and TDL of the vehicle with new vibration reduction system decrease
significantly compared with the vehicle with traditional vibration reduction system, and the VSDD

JOURNAL OF VIBROENGINEERING. MARCH 2024, VOLUME 26, ISSUE 2 405



DESIGN AND PARAMETER OPTIMIZATION OF A NEW TYPE IN-WHEEL MOTOR DRIVE ELECTRIC VEHICLE VIBRATION REDUCTION SYSTEM.
LUNZUO LI, SHENG KANG, JIANGJUN DENG

of the vehicle with new vehicle vibration reduction system is optimized to a certain extent although
the amplitude changes little.

Table 1. Key parameters of simulation
Symbol | Unit | Value

my, kg 260
Meg kg 15
My kg 25
my kg 15

ky N/m | 23094
k, N/m | 15000
ks N/m | 10000
c1 N-s/m | 1761

Cy N-s/m | 1650
C3 N-s/m | 1000

10 - 010
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Fig. 4. Comparison of time-domain response between different vibration reduction systems

The RMS values of four evaluation indexes of time-domain response under B-level road are
shown in Table 2.

As can be seen from Table 2, when the IWMD electric vehicle is driving on B-level road with
speed of 10 m/s, the RMS values of four evaluation indexes of time-domain response under
B-level road of the vehicle with new vibration reduction system is smaller than that of the IWMD
electric vehicle with new vibration reduction system, which means that the designed new vibration
reduction system can significantly improving vehicle ride comfort.
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The dynamic frequency domain responses of the IWMD electric vehicle with traditional
vibration reduction system and with new vibration reduction system are shown in Fig. 5.

Table 2. RMS values of four evaluation indexes

Evaluation indexes | With tradition vibration reduction system | With new vibration reduction system
SVA 2.3324 0.2374
VSDD 0.0263 0.0185
TDL 3424 464
SMVA — 7.7277
20 0.18
with traditional vibration reduction system with traditional vibration reduction system
18 | ———— with new vibration reduction system A 016 with new vibration reduction system n
16 0.14
14
012
= 0.1
=)
=008+
0.06+
6
M / 004+
;
2 / 002+
0 [ e
10° 102 107 10° 10’ 10% 10% 107% 107 10° 10" 102
Frequency/(Hz) Frequency/(Hz)
a) SVA b) VSDD
25 T 35 e
with traditional vibration reduction system with new vibration reduction system
———— with new vibration reduction system.
30
20
25
E 15 ~20
“ | -
Z 5
E 10 =15
! 10
5 /)
5
0
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Frequency/(Hz) Frequency/(Hz)
¢) TDL d) SMVA

Fig. 5. Comparison of frequency domain responses between different vibration reduction systems

As can be seen from Fig. 5, compared with the IMWD electric vehicle with tradition vibration
reduction system, the IMWD electric vehicle with new vibration reduction system can well
suppress the peak values of vibration response and improve the vehicle vertical performance in
the high-frequency resonance region. But in the low-frequency resonance region and
mid-frequency resonance region, the peak values of vibration response of IMWD electric vehicle
with new vibration reduction system are lager then that with tradition vibration reduction system.
So, it is necessary to optimize the parameters of the designed new vibration reduction system to
make the designed new vibration reduction system has better vibration reduction effect in all
frequency region.

3. Parameter optimization of new in-wheel motor drive electric vehicle vibration reduction
system

The vehicle ride comfort evaluation indexes with the preliminarily selected parameters of new
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vibration reduction system have been greatly improved, but has not been achieved ideal effect.
So, it is necessary to optimize the parameters of new vibration reduction system. However, there
are so many parameters of the designed new vibration reduction system, it’s difficult to optimized
theses parameters simultaneously by traditional methods.

The multi-factor experiment of orthogonal experimental design can experiment multiple
factors at the same time, and obtain more comprehensive and accurate experimental results
[15-17]. Therefore, based on the conclusion of single factor analysis, the parameters of the new
vibration reduction system are optimized by orthogonal experimental method.

3.1. Determine factor level and optimize objective

In order to improve the performance of the designed new vibration reduction system, vehicle
suspension stiffness k,, vehicle suspension damping c;, stator suspension stiffness k,, stator
suspension damping c,, rubber bushing stiffness k5, rubber bushing damping c; and vehicle speed
v are selected as factors. The orthogonal experimental method is used to optimize four evaluation
indexes of SVA, VSDD, TDL and SMVA. The designed factors and levels are shown in Table 3.

Table 3. Designed factors and horizontal levels
Factor | Level 1 | Level 2 | Level 3 | Level4 | Level 5 | Level 6 | Level 7
ky 15000 19000 23000 27500 29500 31500 33500
k, 4500 8000 11500 15000 18500 22000 25500
ks 4500 8000 11500 15000 18500 22000 22500

c1 1100 1300 1500 1700 1900 2100 2300
cy 400 600 800 1000 1200 1400 1600
C3 250 300 350 400 450 500 550
v 10 15 20 25 30 35 40

Orthogonal optimization experiment is used to optimize the parameters of new vibration
reduction system, in order to obtain the optimization parameters more accurately, multi-objective
optimization method is adopted.

In the orthogonal optimization experiment, besides taking the RMS values of SVA, VSDD
TDL and SMVA as evaluation index, the comprehensive evaluation index is designed and used.
The comprehensive optimization objective is the synthesis of the evaluation indexes of vehicle
ride comfort [18], and which expression is as follows:

_ Oa1 Ofd1 OFrd1 Oges1
O=q—+q—+14q3 tqs— 16
Oa0 Ofdo OFdo * Ogeso (16)

where, 041, Ofq1, Opg1 and dgesq are respectively the RMS values of the four evaluation indexes,
SVA, VSDD, TDL and SMVA, which are obtained by orthogonal experimental of the new
vibration reduction system. 0, 0540, OFdo» aeso ar€ RMS values of the four evaluation indexes
before orthogonal experiment. q;, g, q3, q4 are the weighting coefficient of each factor, and
q1 + g, + q3 + q, = 1. Since the main goal of the new vibration reduction system is to reduce
SVA, therefore the weighting coefficients of each factor are set as g; = 0.5, g, = 0.2, g3 = 0.15,
q4 = 0.15 respectively.

3.2. Selection and experiment of orthogonal table

As can be seen from Table 3, orthogonal experiment with seven factors and seven levels is
adopt in this paper but the orthogonal table with seven factors and seven levels is not commonly
used. Therefore, orthogonal table L,o(7%) with eight factors and seven levels is used as the

orthogonal test table, and all factors and levels are reorganized. The schemes of each orthogonal
experiment are determined as shown in Fig. 6.
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Blank RMSof RMSof RMSof RMSof RMSof
Number 4 (A) kKB kKO O oE oF  vG)

(H) SVA VSDD TDL SMVA CEI
1 1 1 1 1 1 1 1 1 0.2311 0.0187 457 4.7664 1.0949
2 1 2 3 4 5 6 7 2 0.3328 0.0313 910 14.2869 1.8304
3 1 3 5 7 2 4 6 3 0.3169 0.0301 817 13.2465 1.7265
4 1 4 7 3 6 2 5 4 0.3603 0.0323 760 13.1677 1.8578
5 1 5 2 6 3 7 4 5 0.2869 0.0258 748 11.7715 1.5431
6 1 6 4 2 7 5 3 6 0.3266 0.0262 661 10.7347  1.6163
7 1 7 6 5 4 3 2 7 0.2718 0.0226 567 9.8028 1.3748
8 2 1 7 6 5 4 3 7 0.2240 0.0219 610 10.5597 1.2579
9 2 2 2 2 2 2 2 1 0.4126 0.0314 543 7.0417 1.8261
10 2 3 4 5 6 7 1 2 0.2010 0.0179 471 7.8000 1.0561
11 2 4 6 1 3 5 7 3 1.1126 0.0709 901 14.6406  4.5124
12 2 5 1 4 7 3 6 4 0.3982 0.0333 887 13.5108  2.0184
13 2 6 3 7 4 1 5 5 0.3657 0.0327 796 12.5410 1.8777
14 2 7 5 3 1 6 4 6 0.8213 0.0514 744 12.4490  3.3694
15 3 1 6 4 2 7 5 6 0.3859 0.0308 729 12.2201 1.8849
16 3 2 1 7 6 5 4 7 0.3076 0.0276 733 11.3464 1.6123
17 3 3 3 3 3 3 3 1 0.6165 0.0442 632 9.2572 2.6208
18 3 4 5 6 7 1 2 2 0.2585 0.0220 550 9.2472 1.3158
19 3 5 7 2 4 6 1 3 0.5451 0.0334 458 7.8591 2.2100
20 3 6 2 5 1 4 7 4 0.6986 0.0510 902 13.0369  3.0780
21 3 7 4 1 5 2 6 5 0.7243 0.0388 825 13.1431 2.9728
22 4 1 5 2 6 3 7 5 0.4733 0.0347 840 13.9254  2.2389
23 4 2 7 5 3 1 6 6 0.5824 0.0445 766 13.4343  2.6388
24 4 3 2 1 7 6 5 7 0.7601 0.0449 774 11.7930  3.1132
25 4 4 4 4 4 4 4 1 0.8196 0.0554 723 11.3907  3.3920
26 4 5 6 7 1 2 3 2 0.6515 0.0461 609 10.2534  2.7528
27 4 6 1 3 5 7 2 3 0.6353 0.0384 596 9.1004 2.5858
28 4 7 3 6 2 5 1 4 0.4710 0.0322 468 7.3455 1.9825
29 5 1 4 7 3 6 2 4 0.2578 0.0206 528 8.4768 1.2766
30 5 2 6 3 7 4 1 5 0.2771 0.0202 430 7.4632 1.2799
31 5 3 1 6 4 2 7 6 0.6870 0.0515 907 13.0764  3.0542
32 5 4 3 2 1 7 6 7 0.9363 0.0437 846 12.7086  3.6245
33 5 5 5 5 5 5 5 1 0.8813 0.0601 810 13.4631 3.6840
34 5 6 7 1 2 3 4 2 1.3444 0.0540 730 12,1357  4.8497
35 5 7 2 4 6 1 3 3 0.7783 0.0485 663 10.0177  3.1482
36 6 1 3 5 7 2 4 3 0.3149 0.0232 688 10.9963 1.5574
37 6 2 5 1 4 7 3 4 0.4895 0.0255 595 9.9652 2.0288
38 6 3 7 4 1 5 2 5 0.5006 0.0274 513 9.0339 2.0448
39 6 4 2 7 5 3 1 6 0.3393 0.0254 459 7.1864 1.5234
40 6 5 4 3 2 1 7 7 0.7732 0.0380 848 13.1582  3.1055
41 6 6 6 6 6 6 6 1 0.9358 0.0642 898 15.4707  3.9475
42 6 7 1 2 3 4 5 2 0.8946 0.0412 794 11.4745  3.4406
43 7 1 2 3 4 5 6 2 0.8196 0.0505 817 12.1001 3.3682
44 7 2 4 6 1 3 5 3 0.9452 0.0618 753 10.7080  3.8208
45 7 3 6 2 5 1 4 4 0.5969 0.0324 647 112793 2.4534
46 7 4 1 5 2 6 3 5 0.7005 0.0418 650 9.3315 2.8303
47 7 5 3 1 6 4 2 6 0.6925 0.0313 537 8.3524 2.6245
48 7 6 5 4 3 2 1 7 0.3564 0.0182 430 7.3165 1.4726
49 7 7 7 7 7 7 7 1 0.9853 0.0679 987 17.4184  4.1912

Fig. 6. Determined schemes of each orthogonal experiment

In Fig. 6, numbers 1, 2, 3,4, 5, 6 and 7 respectively represent different levels set by each factor
in Table 3. Simulation tests are carried out one by one according to all the data in Fig. 6 and the
simulation results and calculation results of each orthogonal experiment are obtained.
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3.3. Range analysis of orthogonal test

In order to obtain the influence of different factors on vehicle ride comfort, range analysis of
the results obtained by orthogonal experiment is carried out.

The mutual influence of different parameters of new vibration reduction system on vehicle
ride comfort is ignored, then six groups of parameters combination scheme are obtained through
the results of Fig. 6. Simulations of 1/4 vehicle vibration model of IWMD electric vehicle with
new vibration reduction system with six groups of parameters combination scheme are carried out
respectively, and RMS values of four evaluation indexes are obtained. Finally, compared the RMS
values of four evaluation indexes under six groups of parameters combination scheme with the
RMS values of four evaluation indexes before orthogonal experiment to determine whether the
vehicle ride comfort is improved. The RMS values of four evaluation indexes of different
parameters combination scheme is shown in Table 4.

Table 4. RMS values of four evaluation indexes of different parameters combination scheme

Parameters combination scheme | RMS of SVA | RMS of VSDD | RMS of TDL | RMS of SMVA
Before optimization 0.2374 0.0185 464 7.7277
Scheme 1 (A1B1C5D7E7F2G1) 0.1825 0.0276 447 7.3245
Scheme 2 (A1B1C3D2E7F1Gl) 0.1521 0.0152 442 6.5165
Scheme 3 (A4B1C6D2E2F1Gl) 0.5075 0.0323 408 6.4314
Scheme 4 (A3B1C1DI1E1F1Gl) 0.5033 0.0301 464 4.78
Scheme 5 (A1B4C7D4ESF1G1) 0.2047 0.0189 437 7.3786
Scheme 6 (A1B1C5D7E7F2G1) 0.1825 0.0276 447 7.3245

As can be seen from Table 4, since the main objective of the designed new vibration reduction
system is to reduce SVA to improve vehicle ride comfort, therefore parameters combination
scheme 1 (same as parameters combination scheme 6), parameters combination scheme 2 and
parameters combination scheme 5 are better.

4. Analysis the vibration reduction performance of different parameters combination
schemes

Combined with Eq. (12-15), the amplitude-frequency characteristic curves of each evaluation
index of vehicle ride comfort under different parameters combination schemes can be obtained by
MATLAB.

4.1. Comparative analysis of parameters combination schemes

In order to finally determine the optimal parameters combination scheme of new vibration
reduction system, the vehicle driving simulation on B-class road with the vehicle speed of 10 m/s
is carried out, and the simulation results are shown in Fig. 7.

As can be seen from Fig. 7, the parameters combination scheme 1 greatly improves the
amplitude-frequency response of the new vibration reduction system, and the amplitudes of each
evaluation index decrease correspondingly. The parameters combination scheme 2 reduce the
amplitude of SVA and SMVA, but the amplitude of suspension dynamic deflection and TDL are
worsened. The parameters combination scheme 5 reduce the amplitude of SVA and TDL, but the
amplitude of suspension dynamic deflection and SMVA are worsened.

According to the above analysis, both parameters combination scheme 2 and parameters
combination scheme 5 can reduce the amplitude of SVA, but the amplitude other three evaluation
indexes are not optimal. However, parameters combination scheme 1 can make the amplitude of
four evaluation indexes in a better range. Therefore, parameters combination scheme 1 can
improve the comprehensive performance of the vehicle with new in-wheel motor drive electric
vehicle vibration reduction system.
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Fig. 7. Frequency domain responses of different parameters combination schemes

4.2. Determine optimal parameters of new in-wheel motor drive electric vehicle vibration
reduction system

After simulation comparative analysis of vehicle ride comfort of six parameters combination
schemes, it can be concluded that parameters combination scheme 1 is the optimal parameters
combination scheme. Then, the parameters of new vibration reduction system are shown in
Table 5.

Table 5. The optimal parameters of new vibration reduction system

Parameter Parameter symbol | Unit | Value

Vehicle suspension stiffness kq N/m | 15000
Stator suspension stiffness ko N/m | 4500

Rubber bushing stiffness ks N/m | 18500
Vehicle suspension damping cy N-s/m | 2300
Stator suspension damping Cy N-s/m | 1600
Rubber bushing damping C3 N-s/m | 300

5. Conclusions

Based on the structure of axial flux motor, a new type of IWMD electric vehicle vibration
reduction system with stator suspended is designed. The different parameters combination
schemes of the new vibration reduction system are obtained based on orthogonal experiment.
Finally, the optimal parameters combination scheme is obtained by simulation comparative
analysis.
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