Journal of Applied Science and Engineering, Vol. 27, No 6, Page 2643-2651 2643

Calculation And Design Of Power Split Device On A Hybrid Vehicle
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Hybrid car technology is a combination of the advantages of pure electric cars and fossil fuel cars. Due to the
electric motor (EM) support, the internal combustion engine (ICE) does not have to work in inefficient areas,
saving fuel and reducing environmental pollution. However, to distribute the right source of motivation and the
working mode, the role of the coordinator is vital. This paper aims to calculate the combination of two power
sources from the EM and the ICE on hybrid cars. After calculating the design, the calculation and strength test
of the power combiner was carried out using Ansys software. Results of this study showed that the maximum
stress on the ring gear, sun gear, planetary gear, and the shaft is 160.89 Mpa, 175.56 Mpa, 239.03 Mpa, and 415.56
Mpa, respectively, and the maximum deformation on the ring gear, sun gear, planetary gear, and the shaft is
0.0104 mm, 0.017 mm, 0.0184 mm, and 0.178 mm, respectively. This shows that the article’s results can be used
in research on the Power Split Device in Hybrid cars.
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1. Introduction

Today, the environment is a particular issue that is always
a concern both within a country and worldwide. Pollution
caused by motor vehicles is a problem for countries. One
of the solutions to reduce environmental pollution is to use
electric cars; in the future, electric car experts will be the
primary means and the main object of the intelligent trans-
port system [1-3]. Hybrid cars (HEV) are considered one
of the most promising solutions to environmental degra-
dation and the shortage of petroleum resources from the
transportation industry [4]. Thanks to two power sources
(thermo-electricity), hybrid cars can be adapted to work
according to different operating conditions to achieve high
efficiency and energy efficiency [5-7]. This efficient oper-
ation is due to the power split device. Therefore, if the
power divider of this system is not studied, calculated, and
controlled correctly during the mode conversion, it will eas-
ily cause a significant reduction in vehicle speed, increase

fuel consumption, and cut off power in severe cases [8].

Hybrid car technology combines the advantages of pure
electric vehicles and fuel-powered vehicles, and at the same
time, it can achieve fuel savings rates of 15%-50% [9, 10].
Moreover, some scientists have shown that HEV also dra-
matically reduces harmful components released into the
environment. Therefore, HEV is very interested in environ-
mental friendliness and fuel economy. Due to the support
of the electric motor, the heat engine does not have to work
in inefficient areas, thereby saving fuel and reducing en-
vironmental pollution [11, 12]. However, to distribute the
power source correctly and in the working mode, the role
of the power combiner is vital. The power divider used
in hybrid cars often uses the speed differential type; the
studies on calculating the power split device are as follows:

In one study, Jinming Liu et al. [13] presented a de-
sign process that allows systematic search and screening
through all three main aspects of Hybrid car design - sys-
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tem configuration, and controls- to achieve optimal perfor-
mance while meeting the imposed constraints. An auto-
mated dynamic modeling method was developed for the
first time to enable the efficient modeling of hybrid vehicles.
Of the 288 kinetically viable configurations, 17 were found
to be driveable by a small electric motor. Only two models
are suitable for power division at high speeds.

In another study, Xiaowu Zhang et al. [14] analyzed
all possible configurations of hybrid powertrains using
planetary gear dividers. The analysis shows there can be
12 different configurations, of which 6 are input split and 6
are output split. The authors have focused on two Toyota
Prius and Chevy Volt designs. Dynamic programming
solutions show that, in general, having more operating
modes improves fuel economy because those additional
modes give more flexibility to the parts of the powertrain
to work efficiently.

In addition, the study [15] presented a dynamic model of
the Toyota Hybrid powertrain. This hybrid system contains
a planetary gear system to power split devices, combining
the benefits of series and parallel hybrid vehicles. The
authors used the Toyota Hybrid system model to apply
model controller development. Two control algorithms are
used: the dynamic stochastic programming method and
the equivalent consumption minimization strategy. Both
control strategies are near-optimal, demonstrating good
fuel economy when tested under driving cycles.

Through the analysis of the above studies, the power
divider plays a vital role for hybrid cars in switching modes
by different operating conditions. On the other hand, the
power divider also plays the role of helping to control
the electric motor to follow the internal combustion en-
gine by the operating requirements. This paper presents a
method to build the relationship between torque, electric
motor speed, internal combustion engine speed, and out-
put torque. Then, the authors applied Ansys software to
calculate and test the durability of the components in the
power split device.

2. Selection of a power combiner for hybrid cars

2.1. Hybrid drivetrain analysis and differential selection

There are three types of transmission on hybrid cars: serial
hybrid drive, parallel hybrid drive, and mixed hybrid drive.
When the car is operating in the city, the EM will drive
the vehicle; When the car is working in the suburbs, the
ICE will cause the vehicle; when the car is operating on
the highway, both EM and ICE work to drive the vehicle.
This hybrid system has a component called a "Power split
device" that continuously transforms the power of the EM
and ICE to the active wheels of the car. This drive system

is schematically shown in Figure 1. The author will study
the power divider used for this hybrid transmission in this

study.
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Fig. 1. Hybrid transmission diagram.

2.2. Build each speed and torque relationship of the driv-
ing forces in the combiner

The transmission diagram using the speed differential
power divider is shown in Figure 2. The power split device
used in this study is the speed differential type demon-
strated in Figure 2.a, consisting of the sun gear, ring gear,
planetary gear, and arm.

The ring gear is driven from the power source B through
a pair of reduction gears Zy,, Z,. The power combiner also
has locks Ky, Ky, and collet (1) mounted on body (2).

2.2.1. When motion combines both dynamic sources A and B

Where: M; is source torque A transmitted to central gear;

M; : B source torque transmitted to ring gear;

The transmission diagram in Figure 2.a operates when
both power sources A and B are active, then clutch L; and
L, are in the closed state; locks K; and K are open.

- Speed relationship:

We need to determine the relationship between the an-
gular speeds w1, wy, and w3, which is the angular speed of
the arm C (w3 = w,). In relative motion concerning lever
C, the gear ratio between gear (1) and gear (2) is single:

c _ W1 —wc

c _ w1—wc 1
EP) Wy — we 1)

On the other hand, there are: ilC2 = %—fz
Since (w3 = w,), we infer:

R R
w1 +w2R7j = w3 <1+R7j) 2)
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(b) Drive diagram with only power A active. (c) Drive diagram with only power B active.

Fig. 2. Transmission diagram using a speed differential power split device. 1- Clamps 2- Shell Ky, K; - Electromagnetic lock
R;- Sun gear split ring radius Ry- Radius of the ring gear ring R3- Radius of the circle through the shaft centers of the
planetary gears wj- Angle speed of the source A w,- Angular momentum of source B and gear Z, (Z, = Z},) w3z- Output
angular momentum of the power combiner Ly, L,- The corresponding clutches source A, source B

Infer: Applying, we have the equation of change of kinetic
(R1 +Rp) = 2R3 (3) energy:
Instead, we have Mj.wq +Mr.wy +M3z*.w3 =0 (5)
s = Ry wi + Ry w0, @) Applying, we have the equation of change of angular
2R3 2R3 momentum:
- Moment relationship: M3* = — (M1 + Mp) (6)
According to the structure of the power combiner, gears Substituting in the moment expression, we get:
(@) an.d (2) are the two top links (input shaft of the power My  wi—we ¢ R .
combiner) that produce the torques M; and M,. The Clever M, wr—we Ty = R, @)
is the lead (output shaft of the power combiner). Inferred:
Let M3* be the proper resistance torque acting on the 2R3 2R3
lever C My =-—g Mi=-% M ®)
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We know the output shaft torque of the power combiner,
50
_ 2R

2R,
Mz = M ="2=.M
3T R, 1= R, 2 )

2.2.2. When there is only source of motivation A

The transmission diagram in Figure 2.b works when power
source A is active and power source B is inactive when
clutch L is closed; Clutch L is open; Lock K is open, Lock
K3 is closed. Regarding the speed relation, from expression
(4), when the ring gear speed wy = 0

We have:
R

= 2R3 w1 (10)

w3

Therefore, the torque at the output shaft of the combiner

has the value:
2R3

Mz = R M 11

2.2.3. When only transmitting motivation B

The transmission diagram in Figure 2.c operates when
power source B is active, and power source A is inactive
when clutch L; is in the open state; Clutch L, is in the
closed state; Lock Kj is closed; Lock K3 is open. Regarding
the speed relationship, from the speed relation expression
(4), when the speed of the hub gear w; = 0, we have:
w3 = %wz (12)
Therefore, the torque at the output shaft of the combiner
has the value:
2R3

Mz = R, M, (13)

From the dynamic relations presented above, the speed
differential power divider has the advantage of ensuring
speed flexibility from two combined driving dynamics
sources. The power combiner output shaft is connected
from the independent speeds (completely independent of
each other) of the two power sources, so it is very conve-
nient to design to operate in a wide speed range.

3. Calculation and design of power split device

3.1. Calculating the number of teeth in the power split
device

After analyzing the transmission diagrams to arrange the
power source, the author found that the power split device
diagram, as shown in Figure 3, is suitable for the study.
The output power source is provided by the input power
source and is related to the latter by their speed and torque.
The power split device has a diagram, as shown in Figure
3, including three gates and 2 degrees of freedom. Gate

Power split
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Electric motor
controller

i T

Electric ——
motor

1

! Gear
|
B3
! |
éy% : Generator

Internal
combustion engine

A Generator
controller

Fig. 3. Diagram of the power split device in a hybrid
system.

1 connects to ICE; Gate 2 connects to EM with unidirec-
tional energy flow. Gate 3 can be connected to the end
transmission with bidirectional energy flow.

From the power split device diagram, as shown in Fig-
ure 4, the input shaft from ICE is connected to the sun gear,
the input shaft from EM is connected to the guide arm of
the planetary gear, and the ring gear is connected to the
primary beam of the gearbox.

M., 01 Power split M:, 3
Gate 1 device Gate 3
Gate 2 Ma, M2

Fig. 4. Power combiner diagram.

The input port parameters are:

Electric motor: M; = 50(Nm), w; = 4000(rpm).

Heat engine: My = 90.32(Nm),w; = 6400(rpm). In
hybrid mode, there is a torque relationship between the two
inputs My /k; = Mjy/ky and output speed w3 = kjwy +
kz(Uz.

According to Willets’s formula, we have w3 = kjw; +

kzwz.
=
ki+k=1 [ k=035
M, = 50(N.m) ky = 0.644

M, = 90.32(N.m)
Calculation of tooth ratio ratios between gear pairs

in base transmission We have: k; = 2RT13; ky = 2%

{ ky = 0.356

_ Ry _ 0644 _
ky = 0644 £ = R = 036 = 1809
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3.2. Designing parameters of gears

Normal modulus: m, = 2( mm)
Tooth pitch: t = - my = 3.14 %2 = 6.28( mm)
The tilt angle of teeth: § = 30°
Number of sun gear teeth: Zr = 54 (teeth)
Number of planetary gear teeth: Z,, = 12 (teeth)
Number of sun gear teeth: Zs = 30 (teeth)
- Ring gear:

Table 1. Specifications of gear ring.

No Name Value  Unit
1 Normal Module (m) 2 mm
2 Tiltangle of teeth (B) 300 degree
3 Diameter of dividing ring (dr) 124.71 mm
4  Diameter of crown ring (d,R) 120.71 mm
5  Diameter of tooth base ring (dgz) 129.71 mm
6  Gear thickness 25 mm

- Sun gear:
Table 2. Sun gear parameters.

No Name Value  Unit
1 Normal Module (m) 2 mm
2 Tilt angle of teeth (B) 300 degree
3 Diameter of dividing ring (dr) 69.28 mm
4  Diameter of crown ring (dar) 73.28 mm
5  Diameter of tooth base ring (dgz)  64.28 mm
6  Gear thickness 25 mm

- Planetary gear:
Table 3. Planetary gear parameters.

No Name Value  Unit
1 Normal Module (m) 2 mm
2 Tilt angle of teeth (B) 30°  degree
3 Diameter of dividing ring (dy) 27.71 mm
4  Diameter of crown ring (dar) 31.71 mm
5  Diameter of tooth base ring (dgg)  22.71 mm
6  Gear thickness 25 mm

From the data in Table 1, Table 2 and Table 3, we can
build a power split device, as shown in Figure 5.

3.3. Building a model and calculating the power distribu-
tion test
3.3.1. Determine the force acting on the gears

The Willson planetary set’s force analysis diagram is shown
in Figure 6: from the graph of Figure 6 on the planetary
gear, the forces acting in opposite directions are the radial
force Fr and the axial force F,. Since the basic geometry
of the whole Wilson transmission is the same, the forces
acting on the planetary gear are of the same magnitude.

2647

Fig. 6. Force diagram on the Wilson transmission.

+ Ring force
Ring force acting on the front planetary gear set:

_2-My  M;  2%90.3210°
Pr = 3-d;  3-dg 312471 = 482.82(N)
We have: P, = Pg = Pg = 482,82( N)
+ Centripetal force
o . 1820°
Fri = 48282 2= = 202.92( N)

+ Axial force
Fy =DP; - tg p = 482.82 % tg30° = 278.76( N)

3.3.2. Choose material

We chose the same gear material because the gears can be
used through maintenance, overhaul, and repair cycles and
are convenient for mass production. However, the gears
have the same module, so when the gears engage, the large
gears will bear less load, so when the small gear has to be
overhauled, the big gear is still usable. We choose 40CrNi
alloy steel, Large gear: I improve HRC = 55 = 63; Allow-
able overload stress 0], = 1960(MPa); [oF]
560(MPa); [oF] = 560(MPa)

Due to the characteristics of the vehicle designed with

Imax —

2 max

constantly changing operating modes, high-speed move-
ment, and unstable load, the shaft material is 20CrNi
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steel. HRC hardness from 46 + 53; Endurance limit 0, =
1000(MPa); The yield strength o, = 750 (MPa).

3.3.3. The sequence of calculating the combiner on Ansys software

The differential actuator model was estimated and tested
by ANSYS Workbench 19.2 software.

The software simulates the following steps:

- 3D shapes of various part shapes and their assemblies
modelled using Inventor design software;

- Planetary gear assemblies exported from Inventor in
IGES format and imported in ANSYS Workbench Program
(ANSYS 19.2);

- Select the appropriate type of analysis: Static structural
analysis;

- Definition of the static boundary condition of high
school: The ring is fixed;

- Determination of material properties; here, all gear
and transport materials are standard steel: Only Modulus
of Elasticity, Poison Ratio, and Density are required; - Load
assignment for static simulation: Torque acting on the shaft;

- Define contact patterns to determine how contact sur-
faces can move relative to each other.

The power divider conducts meshing after being im-
ported into ANSYS software, as shown in Figure 7.

Fig. 7. Power combiner drawing and meshing.

4. Results and discussion

When the car operates on the highway, the power combiner
bears the most significant load so the author will calculate
and test the combiner in this mode.

4.1. Ring gear

The tooth of the ring is subject to bending and wear; the
part where it bears the maximum force is the tooth root.
It is considered that there are three teeth in contact with
the planetary gear. Tangential force (F;) due to the torque
transmitted by the equipment on these three teeth. The
tangential force is distributed among the three teeth, with
one tooth-bearing 50% of the force and the other paying
25% of each tooth. Another force acting on the gear is the
radial force (F;) generated by the separation force between
the two meshing gears. This force acts on the centre of
the equipment. The magnitudes of the forces (F¢) and (F;)
working on the bag are taken from the above design values.
The most significant stress areas mainly appear at the sur-
face of the teeth of the ring gear, as shown in Figure 8 (the
red area in Figure). The maximum stress value generated
on the ring gear is 160.89 MPa. On the other hand, the most
significant displacement of the ring gear is shown as shown
in Figure 9, with a maximum displacement value of 0.0104
mm. The causes of stress and large displacement at these
positions are the maximum bearing teeth. But, these values
still ensure safety for the ring gear. The stress distribution
on this Ring gear is similar to that shown in the study [16].

1.608%e8 Max
1.4302e8
1.2514e8
1.0726e8
8.9384e7
7.1508e7
5.3631e7
3.575d4e7
1.7877e7
58.351 Min

Fig. 8. Stress analysis of gear rings in Ansys.

1.0416e-5 Max
9.2584e-6
8.1011e-6
6.9438e-6
5.7865¢e-6
4.6292e-6
3.4719-6
2.3146e-6
1.1573e-6

0 Min

Fig. 9. Maximum deformation of the Ansys gear ring.
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4.2. Sun gear

When designing sun gear, the gear has three forces. These
are the radial force (F;), tangential force (F;), and axial
force (F,). These three forces were applied to the gear
teeth to analyze the force acting on the spur gear. They
are considered to have six teeth that mesh with the sun
gear. The stress results are shown in Figure 10, and the
deformation results are shown in Figure 11. Similarly, at
the exposure surfaces of the maximum bearing teeth, the
maximum stress value generated in gear is 175.56 MPa, and
the maximum deformation is 0.017 mm. These values still
ensure the safety of gears. The stress distribution on this
gear has the same rule as shown in the study [17].

1.7556e8 Max
1.5606e8
1.3656e8
1.1705e8
9.755e7
7.8047e7
5.8543e7
3.904e7
1.9537e7
33648 Min

Fig. 10. Stress analysis of sun gears in Ansys.

1.6978e-5 Max
1.5092e-5
1.3205¢e-5
1.1319%-5
0.4325e-6
7.546e-6
5.6595e-6
3.773e-6
1.8865¢e-6

0 Min

Fig. 11. Maximum distortion of sun gear in Ansys.

4.3. Planetary gears

The planetary gear is mounted on the cross pin and drives
the sun gear when the differential works. It is constrained
on the inner cylinder face and the forces acting on the two
teeth. These forces are calculated by considering the two
teeth in contact with the sun gear. We see that the most
significant stress occurs at the tooth root of the planetary
gear.

2.3903e8 Max
2.1249¢8
1.8595e8
1.5942e8
1.3288e8
1.0634e8
7.979%7
5.3261e7
2.6722e7
1.8309e5 Min

Fig. 12. Stress analysis of planetary gears in Ansys.

1.8426e-5 Max
1.637%-5
1.4331e-5
1.2284e-5
1.0237e-5
8.18%e-6
6.142e-6
4,0947e-6
2.0473e-6

0 Min

Fig. 13. Maximum deformation of planetary gears in
Ansys.

The stress results are shown in Figure 12, and the de-
formation results are shown in Figure 13. We see that the
maximum stress appears on the contact surfaces of the
planet gear. Similarly, at the contact surfaces of the maxi-
mum bearing teeth, the highest stress value is 239.03 MPa,
and the maximum hammock in this section is 0.0184 mm.
These values still ensure the safety of gears. The stress
distribution on this gear has the same rule as shown in the
study [17].

4.4. Link shaft

The shaft includes the sun gear shaft and the shaft that links
the three planetary gears together. The small head is con-
nected to the gears. The larger end of the pin is supported
on bearings mounted inside the sun gear. Compression
is applied to the end face of the plug, and all other faces
are fixed. This compression force is calculated from the
radial force on the ring gear. The stress results are shown
in Figure 14, and the deformation results in Figure 15. The
shaft with the sun gear has a maximum stress of 415.56
MPa, and the maximum deformation of the post is 0.178
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mm; this value is within safe limits.

4.1556e8 Max
3.6978e8
3.24e8
276228
232448
1.8666¢e8
1.4088e8
9.5101e7
4.9321e7
3.5406e6 Min

Fig. 14. Sun gear shaft stress analysis in Ansys.

0.00017796 Max
0.00015819
0.00013842
0.00011864
0.886%-5
7.9005¢-5
5.9321e-5
3.9547e-5
1.977de-5

0 Min

Fig. 15. Maximum deformation of sun gear shaft in Ansys.

5. Conclusions

Based on the selected differential power split, each speed
and torque relationship of the input and output power
sources were built in three modes: mode when there is a
combination of both motivational sources A and B; when
only motivation source A is active; when only motivation
source B is active.

In this study, Ansys software was used to calculate and
test the power combiner with the maximum stress gener-
ated on the gear ring of 160.89 MPa and the maximum
strain of 0.0104 mm; the maximum stress induced in the
sun gear is 175.56 MPa, and the maximum strain is 0.017
mm; the maximum stress generated in the planetary gear
is 239.03 MPa and the maximum strain is 0.0184 mm; the
maximum stress and maximum displacement occurring
on the sun gear shaft are 415.56 MPa and 0.178 mm. The
resulting stresses and strains are within the allowable range
to avoid load and fatigue failure.

Finally, a power split device design calculation method
combined with endurance test calculation on Ansys soft-
ware has been proposed. Using this method will provide
more accuracy and reliability than the traditional method

and easily change the structure adjustment without spend-
ing much time recalculating from the beginning. On the
other hand, the proposed method can be used to study
hybrid automobile systems and design and manufacture
power split devices.
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