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Abstract: Electro-mechanical transmission is the best choice for the transmission system of military,
engineering and other heavy special vehicles. The scheme design is fundamental and key to realize
the original innovation of the electro-mechanical transmission. Therefore, a novel design method of a
planetary-gear scheme is proposed for electro-mechanical transmission. According to the distribution
of mechanical points and the speed continuous condition of mode switching, the mode combination
law of a dual-mode electro-mechanical transmission is obtained, i.e., the input split mode based on
the scheme of three-degree-of-freedom (3-DOF) and the compound split mode based on the scheme of
2-DOE. Moreover, a design method for an electro-mechanical transmission scheme is proposed based
on the mode combination law. Two single-mode schemes are combined to form a dual-mode scheme,
and then mode jointing, control logic, isomorphism and other screening conditions are in turn used
to screen schemes; therefore, two optimized schemes are obtained ultimately. Lastly, by analyzing the
characteristics of speed, torque and the power split of the optimized schemes, the accuracy of the
proposed design method in this paper is verified. The proposed design method can provide new
ideas of designing multi-mode and multi-output electro-mechanical transmission schemes.

Keywords: electro-mechanical transmission; scheme design; planetary-gear; mode combination;
jointing condition

1. Introduction

An electro-mechanical transmission belongs to a transmission form of power-split
hybrid electric vehicles. It has two power transmission paths, i.e., electric power and
mechanical power, which can not only realize the efficient operation of the engine, but also
make full use of the advantages of the mechanical power path, so it can greatly improve
the fuel economy and power performance of the vehicle. For heavy vehicles such as
engineering vehicles, due to the complexity of operating conditions and the need for an
external power output, such as loader shovel dug devices, it is not realistic to use the
battery electric vehicle at the present stage. Therefore, an electro-mechanical transmission
is the optimum transmission form of heavy vehicles.

Due to the limitation of the motor power and speed regulation range, a single-mode
hybrid electric transmission scheme cannot meet the power demand of heavy vehicles. The
research of multi-mode electro-mechanical transmissions is mostly the theoretical research
of transmission characteristics [1-5] and control strategies [6-12]. Zou et al. [13] studied
the modeling and fuel management of a powertrain split on HEVs. Furthermore, there is
more research on the characteristics of multi-mode electro-mechanical compound trans-
missions [14]. Du et al. [15] proposed the idea of modularization to solve the graph theory
expression of the computer recognition configuration, and the reverse search algorithm
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and forward backtrack algorithm were used to solve the problem of the configuration
dynamic parameter calculation. Based on the analysis of the characteristics of multi-mode
electro-mechanical compound transmissions, several methods of multi-mode compound
transmission schemes have been proposed [16-21]. Gao et al. [22] proposed a new graph
theory expression method which can simplify the dynamic and static analysis. Based on
this graph theory expression method, the configuration synthesis method of an electric
drive tracked vehicle was proposed. Ho et al. [23,24] constructed an atlas of generalized
kinematic chains according to the topological characteristics of existing hybrid transmis-
sions and obtained feasible kinematic chains by applying the specified design requirements
and constraints, and then designed working modes based on the lever analogy to obtain
the atlas of multi-mode hybrid transmission. Liu et al. [25], based on the lever analogy
method, designed a dual-mode powertrain by adding PG and the DOF of configuration
based on the compound split mode, and designed three-mode powertrains by adding an
input split or compound split mode on the basis of the dual-mode powertrain. Most of
the above research is carried out for configuration generation, characteristic analysis and
parameter optimization, rather than the forward design of multi-mode electro-mechanical
transmission schemes from the perspective of mode jointing characteristics.

In this paper, by analyzing the distribution of mechanical points and the speed contin-
uous condition of mode switching, the combination law of dual-mode electro-mechanical
transmission is obtained. Based on the combination law, a scheme design method of the
dual-mode electro-mechanical transmission is proposed. Through a computer aided design,
the transmission scheme can be generated and screened quickly.

2. Mechanical and Electrical Hybrid Transmission Scheme Graph Theory
2.1. Planetary Mechanism

Based on the layered thought, the planetary-gear is divided into ring gear, carrier and
sun gear. The single planetary-gear can be expressed as the lever model shown in Figure 1.
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R L]
| =
s =l

Figure 1. Lever model planetary-gear.

For the multiple planetary-gear mechanism, each planetary-gear has 2-DOF. For each
additional internal connection between the components of different planetary-gears, the
mechanism will reduce one DOF. The freedom can be calculated as:

F=2P-C 1)

where F represents the freedom, P represents the planetary-gear, and C represents the fixed
number of connections.

According to scheme (1), the two planetary-gear can be divided into 2-DOF (two fixed
connections) and 3-DOF (a fixed connection).

As shown in Figure 2a, according to the Lever Analogy Method, a compound lever
model can be established by two DOFs mechanisms and the compound level model is a
four nodes lever. The 3-DOF mechanism cannot be compounded into a lever, represented
by the Figure 2b model.



Energies 2022, 15, 5482

30f15

|
|

o 4 |
! |
! |
| 2 |
! |
! |
g 5 I:> |
! 3(5) |
! |
! |
! |
: 3 6 6 |

@) (b)
Figure 2. Two planetary-gear lever model. (a) 2-DOF mechanism; (b) 3-DOF mechanism.

2.2. External Force Components

For the 2-DOF planetary set, external force components include one engine, two
motors, and one output shaft. According to the connection of external force components,
an electro-mechanical transmission can be divided into the input split, compound split and
output split. As shown in Figure 3, rectangles MA, IN, OUT and MB represent motors A,
engine, output, and motors B, respectively.
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Figure 3. The shunt forms of external force component connection. (a) Input split; (b) Compound
split; (c) Output split.

For 3-DOF mechanism, the external force component brake also needs to be added. The
difference with the 2-DOF scheme is that the brake limits the rotation speed of a component
of one planetary-gear to zero. The relationship between the other two components of the
planetary-gear can be simplified to a fixed transmission ratio. At this point, the 3-DOF
transmission mechanism can be simplified into the lever model shown in Figure 4.

1 4 ¢—|MA —— MA
4—42 oy—1IN I:> P—EIN MB
vB—3  Go—poumy — ouT |

(a)

1 4 o—— MA —— MA
4—t2 op—moum > w
MB—e3 66— N —— IN

(b)

Figure 4. Simplification of lever model of 3-DOF transmission mechanism. (a) Simplification model
a; (b) Simplification model b.

The simplified lever model is the three nodes lever, which is essentially a single
planetary-gear. As the compound split speed transmission requires four nodes for position-
ing power components, the 3-DOF transmission scheme has only two transmission forms:
the output split 3-DOF transmission scheme (Figure 4a) and the input split (Figure 4b) two
transmission scheme.
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3. Mode Combination Law
3.1. Mechanical Point Distribution of Single-Mode Scheme

When the speed of the motor is zero, the ratio of the output speed to input speed
is defined as the mechanical point. The values of mechanical points can be divided into:
(1) (—o0,0); (2) 0; (3) (0, 1); (4) (1, +00). For the 2-DOF scheme: The scheme of the input split
and compound split have two mechanical points, with a total of C2 + 3 = 9 distributions, as
shown in Table 1 (scheme type 1 to scheme type 9). The scheme of output split has only one
mechanical point and has three distributions, as shown in Table 1 (scheme type 10 to scheme
type 12). The 3-DOF scheme is derived from the 2-DOF scheme, and the distribution of the
mechanical points can be obtained by adjusting the corresponding scheme type in Table 1.

In order to fully utilize the motor performance of the multi-mode scheme, mode
switching should be carried out at the mechanical points. If the mechanical point is located
on the negative half axis, the travel interval between the two mechanical points is negative,
so the efficiency of the motor is wasted, and then scheme types 3, 7, 8, 9 and 10 can be
eliminated. If both mechanical points are distributed in the (0, 1) or (1, +o0) interval,
the speed range is too narrow to match the motor, so scheme types 3, 5, 6, 8 and 9 can
be eliminated.

Therefore, the speed regulation ranges of scheme types 1, 2 and 4 are ideal and can be
used as the preferred scheme. One mechanical point of scheme types 1 and 2 is 0, that is,
the output speed starts from 0, which should be used as the first mode. In scheme 4, both
mechanical points are greater than 0, which should be used as the second mode.

Table 1. Distribution of mechanical points.

Scheme type 1 Scheme type 2 Scheme type 3
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Table 1. Cont.

Scheme type 10 Scheme type 11 Scheme type 12
/ 4
MA n MA n MB n
np
ng
IN IN MA
Input split 0 ——=na n — =M n —_na
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> / \QB
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3.2. The Conditions of Speed Continuity

In order to ensure the smoothness and continuity of mode switching, the mode
combination should ensure the continuity of the speed of each power component and meet
the following conditions: (1) the adjacent mechanical points of two adjacent modes are
equal and (2) the two motors at the mechanical point have the same speed, expressed by
the formula:

nar =ns=0
MP 41 = MP 42 @)
Np1 = np2

where 141, 142, np1 and np; represent the speed of motor A first mode, motor A second
mode, motor B first mode and motor B second mode. MP4; and MP4, represent the
positions of the mechanical point of motor A and motor B.

3.3. Mode Jointing Law Analysis

The scheme type 1 and type 4 combinations are shown in Table 2. The mechanical
point of the 2-DOF scheme of scheme type 1 for mode jointing is behind #;. In scheme type
2, the mechanical point used for mode jointing is #;, which does not meet the continuous
speed condition, so mode jointing cannot be carried out. In the 3-DOF scheme of scheme
type 1, there is a fixed transmission ratio k between the output shaft and the planetary-gear
components, which can change the position of the mechanical point, meet the conditions of
continuous speed, and carry out mode jointing.

Table 2. Mode combination scheme 1.

2-DOF Scheme 3-DOF Scheme
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n —— MA
. ng \ ng
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N a\
N Ay
MB 0 A, MB HOUTH 0 — >
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/ /
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ouT / QU /
/ npg / npg
0 > 0 >
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Table 2. Cont.

Combination results

N4 na

The combination of the scheme types 2 and 4 are shown in Table 3. Although the
2-DOF scheme of type 2 and scheme type 4 are in the same interval, the speed of motor
B at the mechanical point is one less than #; and one is greater than n;, which does not
meet the continuous speed condition, meaning that mode jointing cannot be carried out. In
the 3-DOF scheme of type 2, there is a fixed transmission ratio k between motor B and the
planetary-gear components which can change the speed slope of motor B, as shown in the
Table 2. If the speed continuous condition is met, the mode jointing can be carried out.

Table 3. Mode combination scheme 2.

2-DOF Scheme

3-DOF Scheme

N ad
MA n na np
/
e MA A
ouT / //
First mode scheme n; 7 our’ me /
ME L/ I<} ‘ /
4 . % >
IN o7 N o/ m
o S
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Second mode scheme 0 p 0
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/ ng / npg
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MB 0 n, MB n; n,
' A
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y /
/
v /
Combination results / n 4 n
/ B 4 5
» 0
0 / n, / o
/ /
/
/
/ /
/ /
/

According to the above analysis, the mode jointing rule can be summarized in the

following ways: (1) at least one of the two modes is a 3-DOF scheme, and (2) for the
two-planetary-gear electro-mechanical transmission, the first mode can only select the
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3-DOF scheme of the input split, and the second mode can only select the 2-DOF scheme of
compound split.

4. Dual-Mode Electro-Mechanical Transmission Scheme Generation
4.1. Single-Mode Scheme Generation

In Table 2, the three schemes are classified according to the values of mechanical
points:

(1) 2-DOF scheme: one mechanical point between 0 and #;, another mechanical point is
more than #;.

(2) 3-DOF scheme: one mechanical point is equal to 0, and the other mechanical point is
between 0 and n;.

By using this as a screening condition, the single-mode scheme of the mode combina-
tion can be obtained. The specific implementation process is shown as follows:

The speed relation formula can be obtained from the speed characteristics of the
planetary-gear:

nsg + king — (k1+1)n2: 0 3)
ne + kong — (kp+1)n5=0
These are obtained by the connection relationship:
ny =n;
np = I’l]'
ng = ng
nyg = ny (4)
n5 = Ny
Nne = Ny

where the subscripts 7, j, k, I, m and n represent the components’ name or components” label
connected to the other end.
The two mechanical points obtained from Formulas (3) and (4) are:

MP 5 = 1oyt

=0 :fl(kllkZIniTl)

ng=0 = fZ(kllkZI nin)

5)
MPpg = noyt

In an engineering application, the values of key characteristic parameters and k; are in
the range of 1.5-4, and the mechanical point value of each scheme can be determined to
judge whether the scheme meets the requirements. The number of optimized single-mode
schemes is calculated as shown in Table 4.

Table 4. Scheme optimization results.

Scheme Type 1) 2
Number of scheme 144 92

4.2. Dual-Mode Scheme Generation

By pairing the two types of schemes in Table 3, 144 x 92 = 13,248 cases can be obtained.
The continuous speed condition for each case must be judged and then the equation group
in Formula (2) can be solved. There are several cases which can solve the equation group,
as follows:

(1) Ifit has no concern with kj and kj, the equation is always true, and such schemes are
reasonably matched;

(2) If kg and k; satisfy a certain relationship and the equation holds, the scheme matching
is reasonable;
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(3) Ifkj and k, take certain values and the equation holds, the scheme matching is reasonable;
(4) Regardless of the values of k; and ky, the equation is not tenable and the scheme
matching is unreasonable.

4.3. Scheme Optimization

(1) Reasonable judgment of mode switching control

From the perspective of engineering applications, it is most reasonable to replace
only one control component during mode switching so that there is only one connection
between two adjacent modes. As shown in Figure 5, the connection set of mode (a) is
{17,2},{8,6},{9,3},{10,5},{11,4},{1,6}}, and the connection set of mode (b) is {{7,2},{8,6},{9,3},{10,5},
{3,4},{1,6}}. The different set operation was performed between them and the operation
result is {{11,4}}. It contains only one element, so switching between the two modes (a) and
(b) can ensure reasonable manipulation, as shown in Figure 5c.

11
1 4
7 8
9 10
3 6
(a) (b) (c)

Figure 5. Different mode of control components analysis: 1-6-planetary-gear component, 7-motor
A, 8-motor B, 9-engine, 10-output shaft, 11-brake. (a) The first model scheme; (b) The second model
scheme; (c¢) A combination of two models.

(2) The scheme of isomorphism judgment

The external force components are, respectively, connected to the two ends of the fixed
connecting edge to form isomorphism. As shown in Figure 6, component 8 is connected
to components 1 and 6, respectively, while components 1 and 6 are fixed connections and
belong to the same component as a whole. Therefore, schemes (a) and (b) are isomorphic.
The connection sets of the two schemes do the different set operations on each other to get
{8,6} and {8,1}, which is the second pair of connections in Table 5, and take the union set to
get {8,1,6}. This shows that the fixed connection {1,6} is a subset of the set {8,1,6} and proves
that the two schemes are isomorphic.

(a) (b)

Figure 6. Isomorphic scheme. (a) Isomorphic scheme a; (b) Isomorphic scheme b.
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Table 5. Isomorphic scheme connection.
Connection Type Serial Number Scheme (a) Scheme (b)
1 {7,2} {7,2}
Fixed " 2 {8,6} {8,1}
External connection 1xed connection 3 {9,3} {9,3}
4 {10,5} {10,5}
The variable connection 5 {11,4} {11,4}
The int 1 " Fixed connection 6 {1,6} {1,6}
€ internal connection The variable connection 7 {3,4} {3,4}

4.4. Result of Scheme Being Optimized

After the above optimization, the dual-mode scheme is obtained, as shown in Figure 7.
Among them, scheme (a) has been applied to the dual-mode of the General Motors Com-
pany system.

CL2 CL2

I i HH
2 % ouT

5

—— OUT

MB €3 66— MA

(a) (b)

Figure 7. The results of produced dual-mode scheme. (a) Dual-mode scheme a; (b) Dual-mode
scheme b.

5. Characteristic Analysis of Optimized Transmission Scheme

Kinematic and dynamic characteristics of the optimized scheme are analyzed to verify
the rationality of the scheme. Assuming that the electric power is balanced and the power
loss is zero, the engine and the input power output to the transmission mechanism meet
the following formula:

Pip + Pour=0 (6)

where P;,, represents engine power, P,,; represents the power output to the transmis-
sion mechanism.
The speed ratio is can be defined:

Mout Tin

@)

is = —
’ Min Tout
where Tj, and Ty, represent Engine input torque and the torque output to the transmis-
sion mechanism.

5.1. Speed Characteristic Analysis

Taking scheme (b) in Figure 7 as an example, the speed characteristics of the planetary-
gear can be obtained:
{ n3 + kiny — (ki+1)ny

=0
ng + kong — (ko+1)ns5=10 ®)
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According to the connection, the first mode can be written as:

= ]’l6
= Ny
= ;’[B
0
= Nout
= nA

= n6
= Nin
= ]’ZB
= n3
= Nout
= nA

)

(10)

From Formulas (7)—(10), the relative speed expressions of two mode motors A and B

can be solved, respectively, as shown:

na —
Mip
np _
My

{ ni = (kp+1)is

Nin

(k2+1)i5—k2(k1+1)
1—kiky
(k1+1)—kq (kp+1)is
1—k1ky

g — (k1—|—1) — k1(k2—|—1)is

(11)

(12)

According to Formulas (11) and (12), the relative speed curves of motors A and B
in the full output range can be obtained. Similarly, the speed characteristics of another
scheme can be obtained. The speed characteristics of the two preferred schemes are shown

in Figure 8.

|— MotorA — — MotorB|

Relative Speed

Speed Ratio

(a)

Figure 8. Cont.
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(b)

Figure 8. The optimization of speed characteristic. (a) The optimal scheme a; (b) the optimal scheme b.

5.2. Analysis of Torque Characteristics

From the torque characteristics of the planetary-gear itself:

T3ZT11T2:1:k12—(k1+1) (13)
Te:Ty:Ts5=1:ky: —(k2—|—1)
Obtained by the connection relationship:
The first mode can be expressed as:
Tin+1=0
Tg+T3=0
14
Tout +T5=10 14)
Ta+Te+T1=0
The second mode can be expressed as:
T, +To=0
Tg+ T3+ T4,=0
15
Tyt + T5= 0 1)

Ta+Te+T1=0

Then the relative torques of motors A and B in the two modes can be obtained from
Formulas (7) and (13)—(15), respectively:

Ty ko 1 (_1>

{ Ty = ki+1 ko+1 is (16)
Iy _ 1
Ty — ka+1
Ty ko1 (1
T — ki+1 ko+1 is (17)
Tp _ ko 1

= matei(-w
where T4, Ty, T3, T4, T, Te, Ta, T, Ty, and Tyt represent the torque of components 1, 2, 3,
4,5, 6 and the torque of Motor A, Motor B, the engine and the output, respectively. k; and
ky represent the planetary-gear characteristic parameters.

According to Formulas (16) and (17), the relative torque curves of motors A and B
in the full output range can be obtained. Similarly, the torque characteristics of another
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scheme can be obtained, as shown in Figure 9. Through mode combination, the demand
for motor torque can be reduced, so a smaller motor can be selected. When the speed ratio
is small, the relative torque of motor B is large because the engine torque is small and the
torque of the motor is actually very small.

I— MotorA —— MotorBI

Relative Torque

-1 T T
0 0.5 1 15

Speed Ratio

(a)

I— MotorA —— MotorBl

Relative Torque

Speed Ratio
(b)

Figure 9. The optimization of torque characteristics analysis. (a) The optimal scheme a; (b) the

optimal scheme b.

5.3. Analysis of Power Split Characteristics

The ratio of the electrical power to the mechanical power is called the power split ratio.
The larger the power split ratio, the less power is directly output through the transmission
mechanism, and the lower the efficiency of the transmission system. Therefore, the power
split ratio can be used to characterize the transmission efficiency of the transmission system.
The power split ratio can be represented as:

_Tang

TA = T, i
(18)

r — 737173

B Tin Nin

According to the expressions of speed and torque in Section 4.1, Section 4.2 and
Formula (18), the power split ratio curves of motors A and B can be obtained. As shown in
Figure 10, the power split ratio curves of the two schemes have the same trend. Within the
full output range, the power split ratio of the two motors always maintains one positive
and the other negative. Moreover, one motor acts as a motor and the other motor acts as a
generator to ensure the balance of electric power. The working range of the two modes is
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the interval with a low split ratio [2], so the overall efficiency is improved compared with
the single-mode scheme, which proves that the optimization of the dual-mode scheme is
reasonable and feasible.

I— MotorA —— MotorBI

0.8
0.6+

o
'S
]

0.2+

|

o

N
h

0.4

Power Split Ratio
9

-0.64
_0.84

-1 T T
0 0.5 1 15

Speed Ratio

(a)

I— MotorA —— MotorBI

©o o 0o
Do oo
YR

/

°
i
/

o
/

/

\
\

—_—_——_—— -

~0.4-

Power Split Ratio
d

o
© ©
e

0.5 1 15
Speed Ratio

(b)

Figure 10. Optimization of power distribution characteristic curve. (a) The preferred method a;

[=]

(b) the optimization scheme b.

6. Conclusions

In the first and second parts, the single-mode electro-mechanical transmission scheme
is analyzed through the distribution of mechanical points. Taking the continuous speed
as the condition for the mode connection, the mode jointing scheme of two-mode electro-
mechanical transmission is obtained, that is the 3-DOF input split scheme and the 2-DOF
compound split scheme. At least one of the two modes is a 3-DOF scheme.

The third part proposes a two-mode electro-mechanical transmission scheme design
method based on articulation characteristics, which is combined from a single-mode scheme
into a dual-mode scheme. The scheme is designed based on the configuration of two
planetary row mechanisms and, after screening, two optimal schemes are obtained. After
the above optimization, a dual-mode scheme is obtained, one of which has been applied to
the dual-mode system of General Motors.

The fourth part analyzes the speed, torque and power split characteristics of the
optimized scheme, respectively. The results show that the optimized scheme is reasonable
and feasible, and the accuracy of the proposed design method is proved.
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