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ABSTRACT. The planetary gear transmission of an electric bus is one of the most consid-
ered factors in bus design because it can reduce transmission noise and vibration during
the design phase. This study investigates the gear micro-geometric optimization, and
dynamic characteristic analysis of the transmission carried out while taking into account
the meshing situation of the gear pair under various operating conditions. Gear micro
modification parameters are optimized by multi-objective using the polynomial response
surface agent model and Non-dominated Sorting in Genetic Algorithm-II (NSGA-II).
The best gear modification parameters are obtained that then used with a Combination
of Ordered Weighted Averaging (C-OWA) and Technique for Order Preference by Simi-
larity to an Ideal Solution (TOPSIS) to perform the transmission planetary gear train’s
load tooth contact analysis (LTCA). A test bench is constructed for vibration testing,
and the modal superposition method is employed to examine the investigated scheme’s
dynamic response of the transmission. The acoustic response of the transmission is then
solved using the acoustic boundary element approach. The results demonstrate a signifi-
cant reduction in the vibration and noise of the optimized transmission. The test results
for vibration response align with those from the simulation, showing that the investigated
scheme is safe and sound.

Keywords: Planetary gear transmission; Vibration and noise; Modification parameters;
Multi-objective optimization; Dynamic characteristic

1. Introduction. The Noise-Vibration-Harshness (NVH) is crucial for enhancing the
comfort of a vehicle’s ride [1]. The dynamic meshing force of the gear tooth is produced
during transmission due to the elastic deformation of the gear under load, profile form
distortion, and base pitch deviation [2]. Internal excitation, such as stiffness excitation,
error excitation, and meshing impact excitation, impact the gear pair and cause gear vi-
bration [3]. This vibration enters the box through the transmission shaft and bearing and
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generates radiation noise. According to research, the load-bearing gear pair’s transmis-
sion error during the meshing process is the primary source of excitation for transmission
vibration noise [4]. When the transmission error is consistent, the gear won't vibrate
[5, 6]. Gear micro-modification can reduce transmission vibration noise and tooth surface
load deviation, increase gear life, and enhance transmission error fluctuation [7].

The polynomial response surface surrogate model of gear modification parameters and
maximum contact stress proposed in 2015 based on the Monte Carlo method [8]. The
amount of gear modification through an optimization algorithm [9] developed based on
improved gears’ contact condition and transmission stability but at the expense of a
high computational load [10]. Similarly, it reached the ideal amount of gear modification,
proposed based on enhancing the dynamic performance of the gear system, but box defor-
mation into account neglected to take [11]. Using the genetic algorithm for improving the
transmission’s noise issue under the second gear’s 40% working condition without taking
contact under other working situations into account [12]. Micro-modification optimiza-
tion of gear has attracted wide attention from scholars [13] with a dual-objective function
optimization model of gear transmission error and tooth surface contact stress by com-
bining tooth profile and tooth direction modification to obtain the optimal modification
amount of helical gear through a genetic algorithm [14, 15], which minimized the noise of
the reducer but did not take into account other load conditions [16]. An optimized the
transmission error fluctuation of gear pairs, considered the tooth profile and longitudinal
modification parameters as the design variables [17, 18], and exploited the response sur-
face method to obtain the optimal modification parameters of helical planetary gear train
gears [19]. Improvement in the vibration and noise of the gear system, but the authors did
not consider the influence of other modification parameters. Recent literature ignores the
differences between gear pairs under various operating situations and the deformation of
flexible parts, instead simply taking into account a particular load condition or observing
the response of the gear transmission system.

The objective of this paper is to use an electric bus to lessen the vibration and noise
of a planetary gear transmission. The micro-modification of the gear is optimized using a
multi-objective genetic algorithm, and the dynamic and auditory responses of the trans-
mission under various load circumstances are studied. Finally, the veracity of the analysis
is confirmed by the transmission test bench.

2. Modeling Analysis and Influence Parameters. The related work consists of the
subsections of modeling analysis and influence parameters.

2.1. Modeling Analysis. The analysis includes construction, simulation analysis, and
boundary load ratio. Construction is a as rigid-flexible coupling simulation analysis model
of the transmission is proposed, as shown in Figure 1, taking into account the planetary
gear transmission, the input revolution speed fluctuation, bearing stiffness, gear meshing
characteristics, connection relationship of gear components, and the flexible characteristics
of the transmission shell [2].

With solar wheels as input and planet carrier as output, the main parameters of the
planetary gear train are shown in Table. 1.

According to the actual use of the transmission, set the corresponding load conditions,
as shown in Table. 2.

Simulation analysis is as considering the strength and life of the gear system, vibration,
and noise, the rigid-flexible coupling model of transmission is analyzed, as shown in Table.

3.
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F1cURE 1. A rigid-flexible coupling model

TABLE 1. The main parameters of the electric bus planetary gear

Name/Parameter Sun gear Planetary gear Ring gear
Number of teeth z 37 23 83
Tooth width b/mm 40 38.5 52

Normal modulus m,/mm 2.28
Pressure angle a/deg 20
Helix Angle f/deg 14

TABLE 2. A load cases of gearbox in the electric bus planetary gear

Load cases Duration(hrs) Temperature(C) spefarzﬁ?;t)m) torcilr.:l: (L;m)
100%Load 600 70 2000 1000
75%Load 600 70 2000 750
50%Load 600 70 2000 500
25%Load 600 70 2000 250

The following notations are defined in Table 3, Kpp is the contact tooth surface load
coefficient; AT FE is the transmission error fluctutation; F' is the max contact stress; ¢ is
the max Load per unit length; 7 is the boundary load ratio(defined as the ratio of the
peak load at the tooth face boundary to the peak load on the entire tooth face) [20]; SH
is the gear contact safety factor; SF' is the gear bending safety factor; left tooth surface
of planetary gear stands of the working tooth surface of the planetary gear when the sun
gear is engaged with the planetary gear; the right tooth surface of the planetary gear
stands of the working tooth surface of the planet gear when the ring gear is engaged with
the planet gear [2, 3].

Boundary Load Ratio: in the process of gear meshing, the uneven Load will cause the
abnormal operation of the gear, resulting in pitting, cracks and other problems of the
gear, and at the same time aggravate the gear noise. In severe cases, there will be broken
teeth. The boundary load ratio describes the ratio of the peak load at the tooth surface
boundary to the peak load on the entire tooth surface during gear transmission. The
smaller the boundary load ratio is, the less obvious the gear eccentric load is when the
boundary load ratio is equal to 0, the gear will not have eccentric load [21]. Therefore,
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TABLE 3. Relevant data of working tooth surface of 100% Load planetary gear

Related parameter Left tooth surface of Right tooth surface of Reference value
planetary planetary
Kup 2.85 1.11 <145
ATE/um 2.39 0.76 <1

F/MPa 1391 761 <1500
q/N/mm 248 97.8 <300
n 1 1 <0.5

SH 0.89 1.32 =1.05
SF 1.46 1.51 >1.2

the uneven Load of the gear can be effectively improved by reducing the boundary load
ratio.
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FIGURE 2. Curves of transmission error fluctuation and contact tooth load
coefficient with gear modification
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Taking the left tooth surface of planetary gear as an example, the influence of gear
modification parameters such as lead crowning relief, lead linear relief, profile barreling
relief and profile linear relief on transmission error fluctuation and contact tooth surface
load coefficient is analyzed, and the minimum point of both data annotations is shown in
Figure 2.

3. Multi-Objective Optimization. This section suggested a novel scheme of gear
micro-geometric optimization for electric bus planetary gear transmission using a multi-
objective function for gear micro modification parameters based on the polynomial re-
sponse surface agent model and Non-dominated Sorting in Genetic Algorithm-II (NSGA-
I1)[22]. We also carried out the dynamic characteristic analysis of the transmission while
considering the gear pair’s meshing situation under various operating conditions. The
results are presented in the conclusion of the analysis and discussion.

3.1. Problem Optimization Model. Taking the modification parameters of the left
tooth surface of the planetary gear as the design variables, the minimum of the trans-
mission error fluctuation, the boundary load ratio and the contact tooth surface load
coefficient as the optimization objective, a multi-objective optimization model is estab-
lished as follows:

Y1 (l’l, X2, T3,T4,Ts, IG)
min ¢ Y2 (1, T2, T3, Ts, Ts5, Tg) (1)
ys (21, T2, T3, T4, Ts, T)
S.t.

{2<21<6, —16 <2, <12, 0<23<4,6<2,<10,0<25;<4,2<24< 6, y3 <1
Yo < 0.5, y3 < 1.45, x1, 29,23, 24,25, 76 € 0.1N }

Gear modification begins

|Input mathematical model of gear modiﬁcati0n|

NSGA-II
v

Y v
Objective Objective Objective
function y1 function y2 function y3

No .. .
Are the conditions meet?

Qutput the pareto solution set of gear modification optimization

Gear modification end

FiGURE 3. A optimal flow chart of gear modification

Optimization method: Non-dominated Sorting in Genetic Algorithm-IT (NSGA-IT) [22]
is a multi-objective genetic algorithm. NSGA-II considers the partially ordered set, fo-
cusing distance and elitist strategy, and has the characteristics of low time complexity
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and good solution set convergence. Thus, it can effectively solve nonlinear optimization
problems. The process of gear modification optimization is shown in the flowchart in
Figure. 3. Optimization setting: The initial population number of NSGA-II is set to

Pareto solution set
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FIGURE 4. An example of a real closed house used in actual mapping construction

100, and the maximum number of iterations to 500 [25]. The crossover probability is
0.8, and the mutation probability is 0.05. The Pareto solution set obtained by MATLAB
programming [26], as shown in Figure 4.

3.2. Polynomial Response Surface Surrogate Model. The polynomial response sur-
face surrogate model [24] is a mathematical model that fits the relationship between input
and output, and its expression is given as follows.

Y = Co + Z i+ Z Z CijTiTj (2)
i=1

i=1 j=i
(k=1,2,...,m;i=1,2,....,n;j =14,...,n),

where, y; is defined as the objective function, k is the k;, objective function, When
m = 3,1, Y2, y3 correspond to the transmission error fluctuation, the boundary load ratio
and the contact tooth surface load coefficient, respectively; cy, ¢;, ¢;; represent the unde-
termined coefficients [17], respectively; z;, z; are the design variable; and the number of
design variables are denoted by n, When n = 6, z1, x», . .., z¢ correspond to lead crowning
relief, lead linear relief, lead end relief, profile barreling relief, profile linear relief and
profile tip relief, respectively [18]. Coefficient of determination(R?)indicates the fitting
degree of the model. As the accuracy of the surrogate model improves, the value of R?
approaches to 1, and is mathematically represented by.

R2_1-2E_5R (3)

St Sr

where Sp is the sum of the squares of the total deviation; Sy is the regression sum
of squares; and Sg represents the sum of squared residuals. According to the analysis
of gear modification parameters based on specific number 2.1 pitch, the forward search
method is used to draw up the range of parameter values and obtain the orthogonal factor
level. When the radial crown is 6um, the transmission error fluctuation and the contact
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TABLE 4. Factor with levels sets of um

Factor/Level X

1 X2 X3 X4 X5 X6

-1 2 -16 0 6 0 2

0 4 -14 2 8 2 4

1 6 -12 4 10 4 6

TABLE 5. Response surface test design and results

Serial Xy, X2, X3, X4, X5, Xg Vi V2 Vs
number

1 2,-162,102,4 0.45 0.43 121

2 6,-12,2,10,2,4 1.15 0.28 1.61

3 4,-14,4,10,2,6 0.85 0.22 1.44

4 2,-14,2,10,0,4 0.45 0.57 1.23

51 4,-14,4,6,2,6 0.64 0.43 1.48

52 6,-14,4,8,2,2 1.02 0.43 1.64

53 4,-12,0,8,4,4 0.72 0.50 1.43

54 4,-16,2,8,4,6 0.71 0.36 1.43

load coefficient of the left tooth surface of the planetary gear reaches a minimum, so the
orthogonal test levels of the radial crown are 2, 4 and 6um [2].

On the other hand, the fluctuation of the transmission error of the left tooth surface
in the planetary gear reaches a minimum when the modification amount of the parabola
at both ends is 4um, while the load coefficient of the contact tooth surface reaches a
minimum when the modification amount of the parabola at both ends is 10um. Therefore,
the orthogonal test levels of the crown amount in the tooth direction are 0, 2 and 4um.
Similarly, the orthogonal test levels of other modification parameters can be obtained, for
which the results are shown in Table. 4.

where x1, 29, x3, 14, r5 and xg represent lead crowning relief, lead linear relief, lead
end relief, profile barreling relief, profile linear relief and profile tip relief, respectively.
Considering the stability of gear transmission, the partial Load and uneven distribution of
tooth surface load, Load Tooth Contact Analysis for the sample point of Table 4 is carried
out. The transmission error fluctuation, boundary load ratio and contact tooth surface
load coefficient of the left tooth surface of planetary gear under different modification
parameters are obtained, as shown in Table 5.

In Table 5, x1, xo, x3, 4, x5, and g are defined as gear profile modification parameter;
11 represents the transmission error fluctuation; 1,, the boundary load ratio; and ys, the
contact tooth surface load coefficient. From the above analysis of the response surface
model of lead relief, profile relief and other modification parameters, the transmission
error fluctuation can be obtained as follows.

y, = —0.64812+0.23208x; —0.016771x,+0.12146x3+0.020208x,+0.0096875x5+0.025417x,s —
0.0053125x,x, —0.017813x, x5 —0.00515625x, x, —0.00875x,x5 —0.0103 132, x4+0.0021875x,x5 —0.00
34375x,2,+0.00265625 x,%5 +0.000625 x,x5 —0.0028125x3%, —0.0015625 x5 +0.005625 x3%4+0.0075
X,425+0.0009375x,,005 —0.000625x5x6+1.74097E-017x,2 —0.0021875x,2+1.07

11E-017x32 —0.000625x,2+0.00125x52+0.0021875x42.

Similarly, the boundary load ratio can be obtained as.
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TABLE 6. The Pareto optimal initial data

Expert/Aim 52 Vs Vs Expert/Aim Vi Vo V3
A 8 8 8 F 9 8 6
B 9 8 6 G 10 9 8
C 8 8 6 H 8 9 8
D 8 8 9 1 10 8 6
E 10 9 9 J 10 9 8

y, =4.27833—0.42361x,+0.28785x, —0.15722x3 —0.12701x,+0.00652778 x5 —0.058924x, —0.013125
X, 2, +0.026875 x,x3 — 0.011406 x,x, +0.0084375 x,x5 +0.000625 x;xs — 0.008125 x,x; +8.58644E-
017x,x, —0.0021875x,%519.50642E018x,xs —0.015312x3x, —0.00375x3x5 —0.0032812

5x326 —0.0090625x,x<+0.0021875x, %5 —0.004375x5x45+0.027014x, 2+0.00690972x,2+0.00899306x 52+
0.011701x,2+0.00722222x2+0.00586806x2.

Finally, the contact tooth surface load coefficient is expressed as follows.

5 =1.43542+0.060972x, +0.07368 1 x,+0.02986 135 +0.052569x,+0.014444 x5 +0.011493 x, —0.0040625
x,%; —0.0078125x,x5 —0.00140625 x, x,+0.001875 x; x5 —0.0059375x,x¢ —0.000623 x,25 —( 0003125
Xy, —2.60209E-018x,x5+2.14661E-018x,x, —0.000625x5x, —3.83323E-020

X325 +0.00296875x35 —0.00125x,,x5+4.29322E-018x,x¢+1.53329E-018x5 x4 +0.00253472x, 2+
0.00159722x,2+0.000659722x52 —0.00340278x,% —0.00246528x52+0.00128472x,2.

3.2.1. C-OWA calculation with the target weight.

1. The initial data (aq,as,...,a,) is obtained by inviting n experts to evaluate the
importance of m objectives (transmission error fluctuation, boundary load ratio and
contact tooth surface load coefficient). This is followed by arranging the initial data
in descending order to obtain the updated data (by, bs, ..., b,)[3].

2. Apply combination anq)v to calculate a weighted vector is as w follows.

n—1
w=Ch/Y Chy=Chy/27 (7 =10,n— 1] ,n = 10) (4)
5=0
3. Obtain an absolute weight with weighted and updated data ~w; follows.
n—1
W= w-b(i=[L,m],m=3j=[0,n-1],n=10) (5)
5=0

4. convert the absolute weight to obtain a relative weight w;.
wi="w/Y W (i=[1,m],m=3) (6)
i=1

The initial data is shown in Table. 6, resulting in the calculated weight vector,
w(0.002,0.018, 0.07,0.164, 0.246, 0.246, 0.164, 0.070, 0.018, 0.002),

the absolute weights, @;(9.162, 8.868, 7.146) and the relative weights, w;(0.364,0.352,0.284).
In the Table 6. A domination of A to J that symbol of the expert/aim series.

3.2.2. TOPSIS method calculation. TOPSIS is used for the target comprehensive evalu-
ation index, which are steps as follows.

1. Write the set of Pareto optimal solutions in the form of the matrix Y[3].

Y = Yij) e -0 =[1,m], m=100; j=[1,n],n=23), (7)
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TABLE 7. According to the actual situation of contact chart, the top 10
selected solutions in Pareto optimal solution set

N X1, X2, X3, X4, X5, X Y1, Y2, Y3 Ci*
1 2,-16,3.4,9.3,0.7,2.5 0.41,0.35,1.25 0.563255
2 2.3,-16,3.6,8.4,1.4,3.9 0.47,0.29,1.31 0.553602
3 2,-16,4,9.4,1.5,2.9 0.46,0.31,1.27 0.547977
4 2,-16,3,9.4,0,2.4 0.38,0.4,1.23 0.546078
5 2.3,-16,4,8.4,1.53.9 0.49,0.28,1.33 0.540947
6 2.1,-16,4,9.4,1.5,2.9 0.48,0.3,1.28 0.535852
7 2,-16,4,9.4,1.5,3.5 0.49,0.29,1.29 0.533932
8 2.6,-16,4,8.7,1.5,3.1 0.52,0.27,1.33 0.519552
9 2.6,-16,3.6,8.4,1.4,3.9 0.52,0.27,1.34 0.519228
10 2.1,-164,9.4,1.5,3.9, 0.52,0.28,1.3 0.512226

where m is the number of Pareto optimal solutions for gear modification parameters;
and n represents the number of objectives corresponding to each group of solutions.
2. Normalize the matrix Y to obtain the canonical matrix Z.

Z = (2 pxn = | Yisl | D_ V3
i=1

mxn
(1 =[1,m],m = 100;j = [1,n],n = 3).

3. Each element of the canonical matrix Z is weighted to obtain a weighted canonical
matrix X.

X = (Tij) e = @5~ Zij » (9)

with setting as following, (i = [1,m], m = 100;j = [1,n],n = 3).
4. The minimum element of each column in the normalized weight matrix X is taken
as an ideal solution x%, and the maximum elements are taken as a negative ideal

J M
solutions x?.

Th = ming,,, ¥ =maz,, (i=/[1,100]; j=[1,3]), (10)
with setting as following, (i = [1,m],m = 100;j = [1,n],n = 3).
5. Calculate the distance d; from the ideal solution of each element of the weighted
gauge matrix X and the distance dY from the negative ideal solution.

(11)

with setting as following, (i = [1,100]; 5 = [1,n],n = 3).
6. The comprehensive evaluation index C} of each scheme is calculated and sorted in
descending order to find the best scheme.

C; =dj/ (di +d;), (i=[1,100)), (12)

In combination with the actual situation of contact spots, the top 10 sequences of
comprehensive evaluation are selected as shown in Table 7. The content values in Table
7, N is the sequence number and C} is the comprehensive evaluation index. The design
variable corresponding to the highest value of the comprehensive evaluation index in Table
7 is selected as the left tooth surface modification parameter of the planetary gear. Table
8 shows the right tooth surface modification parameter of the planetary gear is obtained
after appropriate adjustment, in which N is the sequence number, d; and dy represents
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TABLE 8. Modification parameters of working tooth surface of planet gear

N Parameter Planetary gear left tooth surface Planetary gear right tooth
surface

1 X1 (um) 2 2

2 X, (um) -16 0

3 x3 (um) 34 3.4

4 d, (mm) 0.684 0.684

5 X, (um) 9.3 9.3

6 X5 (um) 0.7 0.7

7 X (um) 2.5 2.5

8 d, (mm) 1.368 1.368

the end relief length and tip relief length, respectively. It can be seen that the suggested
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FiGure 5. Contact chart on the left tooth surface of the planetary wheel
under different loading conditions before modification

scheme performs smoothly the left tooth surface of the planetary wheel under different
loading conditions before modification.

3.3. Comparison of results. The working tooth surface of the planetary gear is opti-
mized by using the above modification parameters. Figures 5 to 8 show the contact spot
diagram of the gear pair before and after modification.

Therefore, the eccentric Load of the planetary gear is improved, reducing the peak load
of the tooth root and the tooth top. Improvement is also observed in the meshing quality
of the gear pair and a reduction in the gear’s impact and the gear’s vibration. Finally,
the gear transmission performance and service life is improved.

Utilizing the simulation data from Table 3, further analysis of the planetary gear work-
ing tooth parameters is performed under different load conditions [27]. Specifically, con-
tact tooth surface load coefficient, transmission error fluctuation, maximum contact stress,
maximum unit length load, boundary load ratio, gear contact safety factor and gear bend-
ing safety factor of the working tooth surface of the planetary gear are analyzed under
different load conditions. The obtained results are shown in Tables 9 and 10. In the
Tables, they can be seen that the suggested scheme offers the better in comparison of the
gear before and after modification in both left and right of the tooth surface.
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FiGure 7. Contact chart on the right tooth surface of the planetary wheel
under different loading conditions before modification

TABLE 9. The planet wheel works (left) on the tooth surface

condition 100%Load 75%Load 50%ILoad 25%ILoad

index Before After Before After Before After Before After
Kup 2.85 1.23 2.84 1.36 2.81 1.70 2.81 1.70

ATE 2.39 0.43 1.79 0.58 1.19 0.77 1.19 0.77
F 1391 973 1202 915 981 872 981 872
q 248 151 185 133.9 122.4 123.1 122.4 123.1
n 1 0.36 1 0.43 1 0.50 1 0.50
SH 0.89 1.1626 0.99196 1.2863 1.1444 1.4377 1.1444 1.4377
SF 1.46 2.2651 1.813 2.7667 2.4203 3.4825 2.4203 3.4825

A good trend is observed after the optimization of the working condition index of the
meshing gear pair of the planetary gear train, fulfills which fulfills the requirement of
different working conditions. In particular, most of the models used in this transmission
are medium and heavy load conditions, so the load coefficient of the contact tooth surface
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F1GURE 8. Contact chart on the right tooth surface of the planetary wheel
under different loading conditions before modification

TABLE 10. The planet wheel works (right) on the tooth surface

Working 100%Load 75%ILoad 50%ILoad 25%Load
C;);l(;i;t{lon Before After Before After Before After Before After
Kyg 1.11 1.27 1.11 1.34 1.11 1.45 1.11 1.55
ATE 0.76 0.52 0.58 0.62 0.40 0.65 0.21 0.20
F 761 682 659 625 540 556 386 451
q 97.6 160 73.2 137.1 49 111.2 24.97 72.3
n 1 0.29 1 0.14 1 0.07 1 0
SH 1.3224 | 1.4158 1.4368 1.5271 1.6051 1.684 1.9095 1.9902
SF 1.5065 1.6797 1.7806 1.9576 2.227 2.3929 | 3.1778 3.3681

slightly exceeds the reference value under low load condition, which can be ignored due
of its negligible impact.

4. Analysis and Discussion Results. Through observed results of gear stiffness exci-
tation, error excitation and meshing impact excitation, we used the kinetic response [28§]
with being calculated as following equation.

(M) {x |+ [C]{a} + (K] {z} = {F 1)} (13)

where [M], [C], and [K] are the mass matrix, damping matrix and stiffness matrix, respec-
tively, while {z}, {z}, {z}, and F(t) represents the acceleration, velocity, displacement,
and excitation vector, respectively [21].Considering the gear stiffness excitation, error exci-
tation and meshing impact excitation, the internal excitation of the gear can be expressed
as follows.

F@t)=Ak(t)-e(t)+S(t) , (14)
where F'(t) is the internal incentives; Ak(t) represent the variable of meshing stiffness;
e(t) and S(t) are the gear composite error (including tooth profile error and base pitch
error) and meshing impact excitation, respectively. In this paper, the influence of gear
error [29] on internal excitation is considered, and the modal superposition method [29]
is used to solve the acceleration, velocity and displacement response of the shell, which is
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represented as follows.
x=1Yn= Z D,n; (15)
i=1

where x is the displacement vector corresponding to each node degree of freedom; v is
the vibration mode matrix; n is the modal coordinate vector; ®; is the 7, order modal
vibration vector; and 7; represents the first modal coordinate [30]. Figure 9 shows the
vibration acceleration response results of the simulation measuring points on the shell
surface in the X, Y and Z directions. It can be seen from the above analysis that the
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FIGURE 9. Vibration acceleration response at node 25040 of casing surface
before and after modification

acceleration response amplitude in X direct-ion is most obvious when the gear tooth
engagement order is 25.592 and the corresponding acceleration response peak values of
100% 25% Load before and after modification are 90m/s?, 85m/s?, 140m/s?, 70m/s* and
12m/s? 12m/s* 12m/s* 16m/s* [30].

4.1. Test Verification Results. In order to further verify the validity of the simulation
results, a transmission vibration test bench is built, which mainly includes three parts:
input, load motor bench and transmission assembly [31]. Figure 10 displays a transmission
vibration test bench device and Transmission vibration test bench device diagram. It



652 Q. Zhang, S. Xu, Y. Yuan, X. Yan, D. Huang, J. Yu, L. Lin, Y. Wu, G. Zhan and T.-T. Nguyen

Acceleration transducer

Hfef
| | | |

Load moder  Transmission 1 Transmission 2 Input motor

a) Transmission vibration test bench device b) Transmission vibration test bench device diagram

FIGURE 10. Transmission vibration test bench device and transmission
vibration test bench device diagram
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F1GURE 11. Transmission vibration test bench device with measuring and

testing points

is The load motor control speed, input motor control torque, transmission test bench
diagram.

Figure 11 shows a three component accelerator in used to log the vibration response of
the transmission. It is an installation position of acceleration sensor with a set the test
torque to 250 Nm and vary the speed from 100 to 3800rpm.

Figure 12 shows a transmission vibration bench test process and the vibration acceler-
ation test results. Thus, the vibration test results of the gearbox under the acceleration
condition are obtained, and the corresponding order is obtained 25.592. The acceleration
test results of the shell surface test point in the X direction. It was observed that for
the optimized transmission, the acceleration response results of the simulation measuring
points on the shell surface are consistent with the test measuring points, which shows the
viability of the simulation results.

4.2. Radiated Noise Analysis. Theoretical analysis, it is a system equation for cal-
culating the sound pressure on the surface of the structure using the direct boundary
element method is given as follows.

Aw)p=B(w)v, (16)

where A, B are the influence matrices; p is the surface nodal pressure; and v,,, the normal
velocity of surface nodes. At any point p, in the sound field r, the sound pressure can be
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F1GURE 13. Housing surface sound pressure under different loading condi-
tions before and after modification

calculated as.
p, = CTp+ D, (17)

where C' and D are the coefficient matrices.

Simulation analysis: Further comparative analysis of the acoustic response of the trans-
mission before and after optimization. Established the boundary element model of the
transmission, and set the reference sound pressure to 2 x ~® Pa, the reference sound inten-
sity to 1 x ~'2w/m?, the air density to 1.225kg/m?, the speed of sound is 340m/s. Perform
Fourier transform on the speed response results of the box to obtain the corresponding
frequency response, which is used as the boundary condition of the acoustic response to
calculate the acoustic measurement of the box surface under different load conditions.
Figure 13 shows a housing surface sound pressure under different loading conditions be-
fore and after modification. It is seen that the surface sound pressure values of the shell
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FIGURE 14. A spherical sound field

(d) 25%Load

FiGURE 15. A field point sound pressure level cloud image under different
loading conditions before and after modification

before the modification are 110dB,110dB, 112dB and 112dB, respectively, and the sur-
face sound pressure values of the shell after modification are 95.9dB, 96.2dB, 97.1dB and
99.8d B, respectively. A spherical sound field of the transmission with a radius of 1m as
shown in Figure 14 is established, and the sound pressure response of the sound field is
calculated. Figure 15 shows a peak sound pressure level response of the sound field before
and after modification under different load conditions.
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FIGURE 16. Sound pressure level distribution curve of field point 1 under
different load condition

Considering the sequence of load conditions in Figure 15(a)~(d), the peak sound pres-
sure levels of the sound field before the modification are 89.2dB,88.9dB,90.5dB and
86.7dB, respectively, and the peak sound pressure levels of the good field after conver-
sion are 75.6dB,75.1dB,74.5dB, and 76.3dB, respectively. Figure 16 displays the radi-
ation noise of field point 1 under different load conditions is calculated, and the sound
pressure level distribution curve. Examining the sequence of load conditions in Figure
16(a)~(d), the maximum sound pressure levels of the gearbox before modification are
84.71dB, 85.65dB,87.26dB and 81.71dB, respectively.

The maximum sound pressure levels of the gearbox after modification are 72.46d B, 72.7dB, 73.62d B
and 76.35dB. Thus, a reduction of 12.25dB,12.95dB, 13.64dB, and 5.36dB is observed

which results in the reduction of noise in the gearbox and fulfills the use of multiple
working conditions.

5. Conclusions. This study suggested a novel scheme of gear micro-geometric optimiza-
tion for electric bus planetary gear transmission. We introduced a multi-objective func-
tion for gear micro modification parameters based on the polynomial response surface
agent model and Non-dominated Sorting in Genetic Algorithm-II (NSGA-II). The dy-
namic characteristic analysis of the transmission are carried out while considering the
gear pair’s meshing situation under various operating conditions. Some achieved results
are concluded as follows. (1) The rigid-flexible coupling model of the planetary gear
transmission is created, and the response of the model under various load situations is
investigated, taking into account the deformation of the flexible system components; (2)
A boundary load ratio idea is proposed, and the smallest boundary load ratio is con-
sidered as one of the optimization objectives, enhancing the load contact between the
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tooth root and tooth top in the direction of tooth width and tooth profile; (3) A forward
search approach is suggested to identify the range of modification parameters, such as
tooth drum shape and tooth tilt, taking the accuracy of the polynomial response surface
surrogate model into consideration; (4) Considering the strength and life, vibration and
noise of the gear system, the polynomial response surface surrogate model of transmission
error fluctuation, boundary load ratio, contact surface load coefficient, and modification
parameters was established, and the optimal modification parameters were determined
by combining NSGA-II, C-OWA operator and TOPSIS method; (5) Examining the use of
the transmission under different working conditions, the dynamic response and acoustic
response of the transmission under other working conditions are analyzed, and the effec-
tiveness and accuracy of the optimization results are verified by the vibration bench test,
which validates the vibration and noise reduction of the transmission and has practical
engineering significance.
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