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Structural Design and Multi-objective Optimization
of Planetary Frame for 6 T40E Automatic
Transmission

ZHAO Niu, HUANG Zhao-ming

Abstract—The 6T40E automatic transmission with three
simple planetary rows and six shifting actuators can achieve six
forward gears and one reverse gearing. Based on CATIA
software and ANSYS software, this paper carries out
three-dimensional modeling and finite element analysis of
planetary frame, the key component of 6T40E. Taking the
highest transfer efficiency and the smallest overall volume of
planetary gear train as the ultimate optimization objective, a
correct multi-objective optimization mathematical model of
efficiency and volume is established. The multi-objective
optimization of planetary gear train is carried out by using
MATLAB software, which provides theoretical guidance for the
optimal design of planetary gear transmission mechanism. It
provides a theoretical basis for the researchers engaged in
automotive and mechanical design to reasonably select
transmission type, correctly design and apply, develop, test and
develop new types.

Index Terms: 6 T40E automatic transmission, finite element
analysis, planetary gear train, multi-objective optimization

. INTRODUCTION

In this paper, the automatic transmission of planetary
gear mechanism is taken as the research object, and the
structural characteristics of 6T40E multi-row planetary gear
train are analyzed. At the same time, three-dimensional
modeling and finite element analysis of the planetary frame,
the key component of CATIA V5R17 and ANSYS are carried
out. The ANSYS software is used to restrict the output of the
planetary carrier, and the corresponding maximum load is
applied to the inner walls of the holes of the planetary carrier,
and the calculation is submitted. The stress and strain cloud
pictures of the planetary carrier under the maximum load are
obtained. Comparing the calculated results with the
theoretical data, it is proved that the planetary frame model
can satisfy the stress requirement of the planetary frame.
Finally, the transmission efficiency of the planetary gear train
is calculated, and the overall volume and transmission
efficiency of the planetary gear train are optimized by using
the optimization toolbox of MATLAB to achieve the optimal
design of the structure of the planetary gear train ™.
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Il. STRUCTURAL CHARACTERISTICS OF 6T40E
PLANETARY GEAR TRAIN

The 6T40E automatic transmission is used in the new
Buick La Crosse, Buick English Lang, Chevrolet Cruz, Buick
GL8 and Buick New Regal. It is an electrically controlled
6-speed automatic transmission. With only three simple
planetary rows and six shifting actuators, it can form six
forward gears and one reverse gear. The transmission can be
shifted through the shift control keys on the steering wheel. It
has the characteristics of compact structure, excellent
performance and fuel saving, and can enable the vehicle to
have low speed cruising ability . The planetary gear
mechanism and shift actuator are shown in Fig. 1. Its shift

actuator consists of six clutches &I,
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Fig.1 Planetary gear mechanism and shift actuators

I1l. MODELING OF 6T40E KEY COMPONENTS

This paper uses CATIA software to build 3D model of
6T40E key parts. The specific process is as follows:

Firstly, establish the reference plane of sketch drawing:
select one plane in the three planes XY plane, YZ plane and
XZ plane of entity design, and draw the sketch again. Click
the Sketch Drawing button in the right toolbar of the form to
enter sketch editing mode and draw the cross section of the
planetary frame on the plane. Add various constraints: use
button to constrain the dimensions of the sketch, and press to
push out the sketch after complete constraints. The solid
feature modeling is generated by using the convex button, and
the contour line is selected as the working object, then the
solid feature modeling is generated by using the convex
button. Punch holes and chamfer on the planetary shelf, press
and complete the final operation . As shown in Figure 2.

IV. FINITE ELEMENT ANALYSIS OF PLANETARY
FRAME
In this paper, ANSY'S software is used to carry out finite
element analysis of 6 T40E planetary carriage. The output
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terminal of the planetary carriage is constrained, and the
corresponding maximum load is applied to the inner walls of
the holes of the planetary carriage. The stress and strain
nephograms of the planetary carriage under the maximum

Fig.2 Planetary Frame of Automatic Transmission

load are obtained. Verify that the established planetary frame
model meets its stress requirements . First start ANSYS
Workbench 14.0 and enter the main interface.

Double-click the main interface Toolbox Analysis
Systems to Static Structural, Create analysis projects A.
Import Create Geometry: Right-click on Geomeyry!®l. Select
Browse in Import Geometry to import the geometry file.
Adding Material Library: Double-click Engineering Data to
set material parameters and select nodular cast iron for
planetary frame material. Add model material attributes [":
Double-click Model, enter the Mechanical interface, select
Propeller under Geometry in Outlines, model material
attributes can be add. Meshing: Mesh is selected, the mesh
type is tetrahedron, other mesh parameters are modified, and
the mesh is divided . The final effect is shown in Figure 3.

Load and constraints: Select Static Structural, then
Displacement in Supports, and select the surface that needs to
be constrained. Pressure is chosen as the load type with the
sizes of 6.277 MPa and 1.638 MPa respectively. The output
end, i.e. the output ring part is fixed. The results are shown
in Fig.4and Fig.5.
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Fig.3 The effect of meshing
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Fig.5 Stress Diagram

Result analysis: The finite element model of planetary
frame is loaded and constrained by ANSYS, and the planetary
frame is slightly deformed when it is subjected to force. The
color of stress distribution in the diagram changes from blue
to red, indicating that the stress changes from low to high, and
the displacement changes from small to large on the
displacement diagram.

The maximum load in the stress diagram is 15.898 MPa
and the maximum deformation in the strain diagram is 0.0018
mm.

The extrusion stress is 19.721 MPa calculated by
traditional method and 15.898 MPa calculated by finite
element analysis.

The error analysis of the data calculated by the two
methods is as follows, which shows that it meets the
requirements.

V. OPTIMUM DESIGN OF PLANETARY GEAR TRAIN BASED ON
MATLAB

The 6T40E automatic transmission designed in this
paper, in order to achieve the ultimate optimization goal of
the highest transmission efficiency and the smallest overall
volume of the planetary gear train, the multi-objective
optimization design of its planetary gear train is carried out by
using the optimization toolbox of MATLAB, and the correct
multi-objective  optimization mathematical model of
efficiency and volume is established. Combining with the
case, the solving steps of the optimized parameters are given,
which provides theoretical guidance for the optimal design of
planetary gear transmission mechanism 1%,

A. Object Function and Design Variables

The main parameters affecting the volume of planetary
gear are the volume of solar wheel V,; and V,,, the volume of
inner gear ring Vp;, Vi, and the volume of planetary gear V.,
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Ve and V. The expression method of total volume Viis
obtained (%14,

— ~ Front row

Sun gear 1 volume:
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Because we have the equation (4), h;’ is coefficient of

crown height which equals 1 ; C” is top clearance

coefficient, which equals 0.25, we could get :
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Planetary gear 2 volume :
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In the above formula, B, m, N and C represent the outer
ring thickness of tooth width, magic and number of gears
respectively, Z,, Z, and Z, represent the number of teeth of
sun gear, inner ring gear and planetary gear respectively 2,
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B. Efficiency
Because the designed double-row planetary gear train is
a two-stage planetary gear train, the total transmission
efficiency 77, of the planetary gear train is determined by the
product of the transmission efficiencyz1 andz; of the

two-stage planetary gear train. Therefore, the formula for
calculating transmission efficiency is as follows:

pl H1 pz H2
={1-—— 1-— 11
o] w
In this equation

p=t (12)
Zal

Pzzi (13)
z

Which P; ~ P, are characteristic parameters of
two-stage planetary gear mechanism (internal transmission
ratio), "™ ~ ¢"? are the loss coefficient of two-stage planetary
gear.

" =Pt Oty (14)

The external and internal mesh loss coefficients are:

V4 1 1
on ==¢f, [— + —j (15)
a ZC
y 1 1
=—¢cf | ——— (16)
(DZa 2 k ( ZC Zb J
Where ¢ is coincidence degree, fy is the meshing
friction factor, ¢, is bearing loss coefficient™®],
C. Design variable
The first objective function can be obtained by
introducing the optimal design variables into the volume
formula.
v 2
fl(x)zlex§[x§+nlx$+(x6+1.25+C/x3) —xg} an
& 2[ 2 2 2 2 2
+Zx2x4[x8+n2x10+n2x11+(x9+1.25+C/x4) —xg}
The second objective function is obtained by
substituting the efficiency formula.
T
f(X)=91=% /(X +%)| =& f (U % +2/ % +1/ %)+ "
2(x) { o/ (% e)[zg « (L] % 7 5) T, }} (18)
{ xg/(x8+xg)[ et (U % +21 %, +21 %, -1/ %) +9 }}
D. Constraint Condition
Drive Ratio Conditions
Z,+Z N2, +2
( al )( a2 b2) _ <4% (19)
Z,Z., .
Xe + X X; + X
9,(x) = (% 6)(_8 o) —4%<0 (20)
XSXSIp

Where i, is the total transmission ratio of two-stage
planetary gears.
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Adjacency condition

ooy <285 Sin(7z/n,) 21)
oh +Z2,< (Z,, +zcl)sinnﬁ1 22)
9, (%) =2h; + %, — (% + x7)sinn£l<o

(23)

ares < 2(Bu00, +28:0e3) SIN(7/1,) (24)
N 42, <2y +2Zy + 2,5 )SIN 2 25)

n,

95 (X) =2h + X, — (X + 2%, + xu)sinn£<0 (26)
2
Where d, is the top circle of the planetary gear and the
solar gear, a, is the center distance of the meshing pair
between the solar gear and the planetary gear, and h, is the
top height coefficient.
Contact strength condition

7.2.7, d;ltlnl Ulu:1 5., <0 (@7)
9. (x)= ZHZEZ(s\/ X§f;>l<1n1 XGX_B)% ~040 <0 (28)
Z,2.2, dzgjnz uzu:l ~ 8, <0 (29)
gS(X):Z“ZEZ‘S\/xjng;ZnZ ng_gxg ~5.,,<0 (30)

Where Zy is the node area coefficient ; Zgis elastic
influence coefficient ; Zscontact ratio factor ; T;. T, are
torque transferred by two-stage pinion gears ; dyo IS
allowable contact stress ; Fy; . Fyare tangential forces acting
on pinion gears at all levels; d. d,are dividing circle diameter
of pinion at all levels; u, are high speed transmission ratio ;
U, is low speed stage transmission ratio 4 -

Bending Strength Conditions

FtlYFaYSaYe -5- <0 (31)
Blmlnl e
2TV Y. Y
gs(x)=—L22s_5 <0 (32)
X3 X5X1nl
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Where Y. is contact ratio factor; Yg, is stress correction
coefficient; Yg, is tooth profile coefficient; or is allowable
bending stress.
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External Diameter Size Conditions

The design of two-stage planetary gears requires that the
diameters of the two inner rings be similar to each other to
minimize the radial dimensions. A parameter is introduced to
represent the ratio of ring diameter between high-speed stage
and low-speed stage, which is

d
C. =—1L 35
0 q, (35)
Commonly 0.8<C,<1.2 > we have
08<C,<1.2 (36)
X X,
x)=0.8-=2"2<0 37
95 (x) . (37)
CO — i — mlzbl (38)
d2 mZZbZ
z gg(x):%—mso (39)
X, Xq
Concentric Condition
Zal + chl = Zbl (40)
glO(X):X5+2X7_X6:O (41)
Installation Conditions
Zal + Zbl — Cl (42)
n
1
hu(x):XSJrXG—Cl:O (43)
r]1
Za2 + sz — Cz (44)
n2
+ X
hlz(x)=xsn *-C,=0 (45)

2
Where C;, C, are positive integer.

VI. AN EXAMPLE OF OPTIMUM DESIGN
An example of optimization design is used to solve the
calculation process of multi-objective programming by
goal-attainment method. It can be realized by calling
“fgoalattain” function in optimization toolbox of MATLAB
software system. This function is mainly applied to the
optimization of multi-objective problems, and the following

optimization results are obtained (18]
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Fig. 6 Optimized Volume Efficiency Diagram

It can be seen that the overall volume of planetary gear
train is reduced by 29.01% by optimizing the design
parameters of the toolbox of MATLAB. After optimization,
the efficiency is increased by 0.601% which achieves the
design objectives. The optimized volume efficiency diagram
is shown in Fig.6.

VIl. CONCLUSION

1. In this paper, through CATIA and ANSYS software,
the key components of 6 T40E automatic transmission are
modeled in three dimensions, and the finite element analysis
is carried out. The maximum load and deformation are
obtained, which verifies that the design requirements are
met.

2. By using the optimization toolbox of MATLAB, the
multi-objective optimization design of its planetary gear
train is carried out. Taking the highest transmission
efficiency and the smallest overall volume of the planetary
gear train as the ultimate optimization objective, the correct
multi-objective  optimization mathematical model of
efficiency and volume is established, which provides
theoretical guidance for the optimization design of planetary
gear transmission mechanism.
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