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中 文 摘 要 ： 本研究計畫提出一序列型可獨立控制傳動機構(series-type 

independently controllable transmission, ST-ICT)的全

新設計與實證。序列型可獨立控制傳動機構是前期研究所提

出之並聯型可獨立控制傳動機構(parallel-type 

independently controllable transmission, PT-ICT)的另

一種新的構型。序列型可獨立控制傳動機構同樣具有可獨立

控制輸出轉速、不具額外的相互摩擦滑動元件以及無限範圍

之連續、可變化輸入與輸出傳動比例等的傳動特性。由於序

列型可獨立控制傳動機構可因內部齒輪緊密的排列方式，而

使傳動機構的外部整體體積較為緊緻而所需空間較小，故適

合應用在空間要求較為嚴苛的使用環境中。此外，當序列型

可獨立控制傳動機構應用於可變速風力發電系統中時，亦可

將任意變動的扇葉轉速輸入，轉換成穩定的轉速輸出至發電

機端，使發電系統產生穩定頻率的電力輸出。序列型可獨立

控制傳動機構主要是由二組行星齒輪系(planetary gear 

train)與二個傳動連接組(transmission-connecting 

member)來構成，本研究計畫完成其運動、動力特性與功率流

(power flow)的分析、理論建立與驗證等研究工作。 

中文關鍵詞： 序列型可獨立控制傳動機構，並聯型可獨立控制傳動機構，

行星齒輪系，傳動連接組，功率流。 

英 文 摘 要 ： An innovative transmission mechanism, referred to as 

a series-type independently controllable transmission 

(ST-ICT), is proposed in this study. The series-type 

ICT is an alternative form of the parallel-type ICT 

(PT-ICT) proposed in the former researches. It can 

provide performing functions similar to those of an 

infinitely variable transmission (IVT) or a 

continuously variable transmission (CVT), and produce 

a required and desired angular output velocity that 

is independently manipulated by a controller and does 

not depend on the angular velocity of the input 

shaft. Because of the compact arrangement of the gear 

members in the ST-ICT, the whole size of the ST-ICT 

can be reduced more compactly. Therefore, it is 

suitable to utilize the ST-ICT to a server space 

application. In addition, while being applied to a 

variable speed wind power system, the ST-ICT could 

overcome turbine speed fluctuations and provide a 

constant speed output to the generator to generate 

electricity with constant frequency. The ST-ICT is 



composed of two planetary gear trains and two 

transmission-connecting members. Kinematic, dynamic 

characteristics and power flows of the ST-ICT are 

investigated, analyzed and verified for application. 

英文關鍵詞： series-type independently controllable transmission 

(ST-ICT), parallel-type independently controllable 

transmission (PT-ICT), planetary gear train, 

transmission-connecting member, power flow. 
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中文摘要 

本研究計畫提出一序列型可獨立控制傳動機構(series-type independently controllable transmission, 
ST-ICT)的全新設計與實證。序列型可獨立控制傳動機構是前期研究所提出之並聯型可獨立控制傳動機

構(parallel-type independently controllable transmission, PT-ICT)的另一種新的構型。序列型可獨立控制傳

動機構同樣具有可獨立控制輸出轉速、不具額外的相互摩擦滑動元件以及無限範圍之連續、可變化輸

入與輸出傳動比例等的傳動特性。由於序列型可獨立控制傳動機構可因內部齒輪緊密的排列方式，而

使傳動機構的外部整體體積較為緊緻而所需空間較小，故適合應用在空間要求較為嚴苛的使用環境

中。此外，當序列型可獨立控制傳動機構應用於可變速風力發電系統中時，亦可將任意變動的扇葉轉

速輸入，轉換成穩定的轉速輸出至發電機端，使發電系統產生穩定頻率的電力輸出。序列型可獨立控

制傳動機構主要是由二組行星齒輪系(planetary gear train)與二個傳動連接組(transmission-connecting 
member)來構成，本研究計畫完成其運動、動力特性與功率流(power flow)的分析、理論建立與驗證等

研究工作。 

關鍵詞： 序列型可獨立控制傳動機構，並聯型可獨立控制傳動機構，行星齒輪系，傳動連接組，功率

流。 

英文摘要 

An innovative transmission mechanism, referred to as a series-type independently controllable 
transmission (ST-ICT), is proposed in this study. The series-type ICT is an alternative form of the parallel-type 
ICT (PT-ICT) proposed in the former researches. It can provide performing functions similar to those of an 
infinitely variable transmission (IVT) or a continuously variable transmission (CVT), and produce a required 
and desired angular output velocity that is independently manipulated by a controller and does not depend on 
the angular velocity of the input shaft. Because of the compact arrangement of the gear members in the 
ST-ICT, the whole size of the ST-ICT can be reduced more compactly. Therefore, it is suitable to utilize the 
ST-ICT to a server space application. In addition, while being applied to a variable speed wind power system, 
the ST-ICT could overcome turbine speed fluctuations and provide a constant speed output to the generator to 
generate electricity with constant frequency. The ST-ICT is composed of two planetary gear trains and two 
transmission-connecting members. Kinematic, dynamic characteristics and power flows of the ST-ICT are 
investigated, analyzed and verified for application. 

Key words: series-type independently controllable transmission (ST-ICT), parallel-type independently 
controllable transmission (PT-ICT), planetary gear train, transmission-connecting member, 
power flow. 
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報告內容 

1. 前言 

Due to time varying characteristics of the wind, wind turbines usually provide fluctuating input speeds to 
the generator. This is because allowing the wind turbine to operate at a varying speed that is proportional to 
wind speed enables the aerodynamics of the rotor to be optimized. Therefore, variable speed wind turbines 
can better capture energy and yield higher power output and longer life. Consequently, optimizing 
aerodynamic performance will likely become a key component of future wind energy systems because of the 
prospect of increased performance and decreased costs [1,2]. 

2. 文獻探討 

Various electrical-mechanical designs have been proposed to enable operation at variable turbine speeds 
[3]. In the application of transmission mechanism, for example, Mangialardi and Mantriota proposed a wind 
power system having a continuous variable transmission to improve efficiency levels [4]. Idan and Lior 
presented the theory and design of a hybrid electro-mechanical variable speed wind turbine transmission and 
discussed a robust control solution for optimal power output [5]. Zhao and Maiβer proposed an electrically 
controlled power splitting drive train for variable speed wind turbines [6]. Müller et al., analyzed grid 
integration aspects of a new type of variable speed wind turbine that directly couples a synchronous generator 
with hydro-dynamically controlled gearbox, without the need for a power electronics converter [7]. Lahr and 
Hong proposed the cam-based infinitely variable transmission of ratcheting drive type to be utilized in 
variable speed wind turbines [8]. Hassan presented the methodology for enumeration of feasible clutching 
sequences of planetary gear mechanism composed of two or more fundamental gear entities [9]. 

3. 研究目的 

In this study, a series-type independently controllable transmission (ICT) mechanism is proposed to control 
speed and torque transmission [10]. The series-type ICT is an alternative form of the parallel-type ICT 
proposed in the former researches [11,12]. By means of the independent manipulation of a controller, the 
series-type ICT can provide performing functions similar to those of an infinitely variable transmission (IVT) 
or a continuously variable transmission (CVT), and produce a required and desired output speed that is not 
affected by the variation of the input speed. It shows a possibility that applying the series-type ICT to variable 
speed wind power systems could overcome turbine speed fluctuations and provide a constant speed output to 
the generator to generate electricity with constant frequency. The proposed series-type ICT is composed of 
two planetary gear trains and two transmission-connecting members. Kinematic and dynamic characteristics 
of the series-type ICT are investigated and analyzed, and their analytical equations are also derived for 
application. 
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4. 研究方法 

4.1  Structure of the Series-Type ICT 

The conceptual design of the series-type ICT depicted in Fig. 1 illustrates a mechanism with four rotational 
shafts. Each rotational shaft possesses a specific function, i.e., to connect to the input power source, the output 
power end, the controller, and the free-transmission end. In the application suggested here, the input power 
would be obtained from a wind turbine, and the output shaft would transmit power to a generator. A servo 
motor whose angular velocity is controllable would serve as a controller. The free-transmission end can be 
either a secondary power input source or an output, depending on the configuration of the mechanism and the 
speed ratio between the input and output shafts. The speed ratio between the output shaft and the controller is 
set to be constant and does not depend on the speed of the input shaft. Therefore, the required angular velocity 
of the output power shaft can be obtained by the independent manipulation of the controller, regardless of the 
variation of input shaft velocity. 

The structure of the series-type ICT, as shown in Fig. 2, is composed of two planetary gear trains, denoted 
by A and B, and two transmission-connecting members, indicated by D and E. As respectively depicted by AD, 
OP, AE and BD, CR, BE, each planetary gear train has three rotational shafts, i.e., the shafts of the first sun 
gear, the carrier, and the second sun gear meshed with the planet gears. In each planetary gear train, two of the 
three shafts connect to the transmission-connecting members D and E, respectively. For example, shafts AD 
and BD connect to the transmission-connecting member D, and shafts AE and BE connect to E, as shown in 
Fig. 2. By means of shaft SD, the transmission-connecting member D can be connected to the source of input 
power, whereas the transmission-connecting member E connects to the free-transmission end by shaft SE. 
Finally, the third shaft of the planetary gear train A, i.e., OP, could connect to the output power end, and the 

 
Input power  

Free-transmission 

Output power 

Series-type ICT 

Controller 

 
Fig. 1.  Conceptual scheme of the series-type ICT. 
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BD AD 
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Output power 

D 

E 
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B A 
CR OP 

Controller 

Input power  

Free-transmission 

 
Fig. 2.  Structure of the series-type ICT. 
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third shaft of B, i.e., CR, could connect to the controller. 

4.2  Kinematic Analyses of the Series-Type ICT 

In this section, the kinematic analyses of the series-type ICT are presented, the design formulas are derived, 
and the kinematic behaviors are summarized. 
4.2.1 Basic Requirements of Kinematics.  

As shown in Fig. 2, shafts AD and BD are used to transmit the input power respectively to the planetary 
gear trains A and B. To achieve the function and performance of the series-type ICT, the relationship of the 
angular velocities between shafts AD and BD can be set as 

ADBD nn  , (1) 

where n denotes the angular velocity of the rotational shaft indicated by its subscript, and α is a kinematic 
constant. 

Because the angular velocity of the output shaft is independently manipulated by the controller and not 
affected by the input shaft speeds, the relationship of the angular velocities between the shafts connecting to 
the output end and controller, i.e., OP and CR, can be set as 

OPCR nn  , (2) 

where β is a kinematic constant. The kinematic constants α and β can be used to determine the speed ratios 
between the rotational shafts, and then the configuration of the ICT mechanism. 

Finally, the relationship of the angular velocities between shafts AE and BE are set to be equal, i.e. 

AEBE nn  . (3) 

4.2.2  Positive-Ratio Planetary Gear Train.  
A positive-ratio planetary gear train, used in this study and shown in Fig. 3, includes a first sun gear ps1 

mounted on a rotational shaft pss1, a second sun gear ps2 mounted on a rotational shaft pss2, at least one 
compound planet gear set including gears pp1 and pp2, which mesh with the first and second sun gears, and a 
planet gear carrier pa. A positive-ratio planetary gear train means that the shafts of the first and second sun 
gears, when the carrier is fixed, have the same direction of rotation. Therefore, its basic speed-ratio, which is 

 

ps2 ps1 

pa 

pp2 pp1 

pss1 pss2 
Ppss2 Ppss1 

Ppa 

 
Fig. 3.  Positive-ratio planetary gear train. 
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defined as the ratio of the relative velocities of the two sun gears’ shafts respectively with respect to the 
carrier, is consequently positive and cannot be equal to 1 [13]. The basic speed-ratio of a positive-ratio 
planetary gear train, denoted by 0i , can be expressed as 

21

21

2

1
0

ppps

pspp

papss

papss

NN
NN

nn
nn

i








 , (4) 

where N is the number of teeth on the gear indicated by its subscript. Rearranging Eq. 4 also yields 

0

01
2

)1(
i

nin
n papss

pss


 . (5) 

4.2.3  Transmission-Connecting member.  
A transmission-connecting member used in this study is shown in Fig. 4. The transmission-connecting 

member comprises gears cmg1 and cmg2 mounted on a rotational shaft cms, which can connect to either the 
source of input power or the free-transmission end. Gears cmg1 and cmg2 are used to respectively connect 
with the shafts coming from the two planetary gear trains A and B. The capability of the shaft cms is similar to 
that of the shaft SD or SE shown in Fig. 2. The shafts coming from the two planetary gear trains A and B are 
just the shafts AD, BD or AE, BE shown in Fig. 2, respectively. 
4.2.4  Arrangement of the Series-Type ICT.  

Fig. 5 schematically illustrates a practical arrangement of the series-type ICT. In this arrangement, both the 
planetary gear trains A and B are the positive-ratio types  shown in Fig. 3, and the transmission-connecting 
members D and E are similar to the one shown in Fig. 4. In the planetary gear trains A and B, shafts of the first 
sun gears, i.e.,  pss1A and pss1B,  are similar to the shafts OP and CR shown in Fig. 2 and connect to the 
output power end and the controller, respectively. The functions of rotational shafts paA, pss2A, paB, and 
pss2B are also similar to those of the shafts AD, AE, BD and BE, respectively. From the previous description, 
Eq. 1 to Eq. 5 can be rewritten as follows: 

paApaB nn  , (6) 

ApssBpss nn 11  , (7) 

 

cms 

cmg2 cmg1 

 
Fig. 4.  Transmission-connecting member. 
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ApssBpss nn 22  , (8) 

AppAps

ApsApp

paAApss
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i
21
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2

1
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


 , (9) 
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21
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2

1
0 
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


 , (10) 

A

paAAApss
Apss i

nin
n

0

01
2

)1( 
 , (11) 

B

paBBBpss
Bpss i

nin
n

0

01
2

)1( 
 , (12) 

where Ai0  and Bi0  are the basic speed-ratios of the planetary gear trains A and B. 
4.2.5  Design Formulas of the Series-Type ICT.  

Substituting Eq. 6 and Eq. 7 into Eq. 12 yields 

B

paABApss
Bpss i

nin
n

0

01
2

)1(  
 . (13) 

Simultaneously solving Eq. 8, Eq. 11, and Eq. 13 yields the design formulas of the series-type ICT as 
follows: 

 

Output power 

Free-transmission 

Controller 

Input power  

cmg2D 

cmg2E cmg1E 

cmg1D 

ps1B 

pss1B 

paA 

pss1A 

pp1A 

ps2A 

pp2A 

ps1A ps2B 

pp2B pp1B 
paB A B 

D 
cmsD 

E 
cmsE 

pss2A pss2B 

 
Fig. 5.  Arrangement of the series-type ICT. 
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

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According to the arrangement shown in Fig. 5 and the design formulas shown in Eq. 14, Fig. 6 illustrates a 
schematic prototype of the series-type ICT for future demonstration and application. By adjusting the 
kinematic constants α and β, the configuration, the kinematic and dynamic behaviors of the series-type ICT 
can be modified according to the requirements of design. 
4.2.6  Summary of Kinematics.  

Basing on the description and discussion shown previously, this study summarizes the kinematic behaviors 
of the series-type ICT in this section. First according to Eq. 2 or Eq. 7, the angular velocity of the output 
power shaft can be obtained as 














1 if

1 and1, if1






controller

controller

output

n

n
n , (15) 

since  ApssOPoutput nnn 1  and BpssCRcontroller nnn 1 . 

Second, by referring to the results of Eq. 7, Eq. 11, and Eq. 14, the angular velocity of the 
free-transmission shaft can be derived as 
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Fig. 6.  Schematic prototype of the series-type ICT. 
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since input
paA

Dcmg
paA n

N
N

n  1 . 

4.3  Dynamic Analyses of the Series-Type ICT 

In this study, an input shaft is defined as introducing a positive power into the series-type ICT, and 
consequently the torque and the speed have the same direction of rotation and carry the same sign.  On the 
contrary, an output shaft introduces a negative power while the torque and the speed carry opposite signs.  
The power introduced by a shaft in the series-type ICT can be expressed as 

XXX nTP  , (17) 

where PX and TX respectively denote the power and torque introduced by the shaft indicated by its subscript. 
4.3.1  Power Flows and Torque Analyses of a Planetary Gear Train.  

While neglecting friction losses, the sum of power introduced by a planetary gear train shown in Fig. 3 will 
be zero according to the conservation of energy, i.e. 

021  papsspss PPPP . (18) 

In a stationary operating condition, a planetary gear train will also yield the equilibrium condition that the 
sum of all external torques acting on its shafts is equal to zero [13,14], i.e. 

021  papsspss TTTT . (19) 

By referring to Eq. 4, and Eq. 17 to Eq. 19, the following results can be also obtained: 

102 psspss TiT  , (20) 

10 )1( psspa TiT  . (21) 

4.3.2  Power Flows and Torque Analyses of the Series-Type ICT.  
When considering the series-type ICT shown in Fig. 5 and referring to Eq. 7, the power introduced by the 

controller shaft can be expressed as 

ApssBpssBpssBpsscontrollercontrollercontroller nTnTnTP 1111  . (22) 

The input power is transmitted into the planetary gear trains A and B by the shafts paA and paB, therefore it 
can be expressed as 
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paBpaBpaApaAcmsDcmsDinputinputinput nTnTnTnTP  . (23) 

Referring to Eq. 21 yields 

ApssApaA TiT 10 )1(  , (24) 

BpssBpaB TiT 10 )1(  . (25) 

By substituting the results shown in Eq. 6, Eq. 24, and Eq. 25 into Eq. 23, the expression of the input 
power can be rewritten as 

paABpssBpaAApssAinput nTinTiP 1010 )1()1(   . (26) 

The torque introduced by the shaft pss1A can be derived by rearranging Eq. 26, and the result is 

Bpss
A

B
input

paAA
Apss T

i
iP

ni
T 1

0

0

0
1 1

)1(
)1(

1









 . (27) 

From Fig. 5, the output power transmitted by the series-type ICT can be expressed as 

ApssApssoutputoutputoutput nTnTP 11 . (28) 

Substituting the result of Eq. 27 and referring to Eq. 14 and Eq. 22 can further rewrite Eq. 28,  the output 
power transmitted by the series-type ICT, to be 






















1 if
1

1

1 and1, if
)1(
)1(

1

0

1








controllerinput
paA

Apss

A

controllerinput
paA

Apss

output

PP
n
n

i

PP
n
n

P . (29) 

Referring to Fig. 5, the power introduced by the free-transmission end is 

BpssBpssApssApsscmsEcmsEontransmissifreeontransmissifreeontransmissifree nTnTnTnTP 2222   . (30) 

Eq. 20 can be also rewritten as follows: 
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ApssAApss TiT 102  , (31) 

BpssBBpss TiT 102  . (32) 

Substituting the results shown in Eq. 11, Eq. 31, and Eq. 32 into Eq. 30 and referring to the results shown 
in Eq. 8, Eq. 14 and Eq. 27 can also further rewrite Eq. 30, the power introduced by the free-transmission end, 
to be 












































1 if1
1

1

1 and1, if1
)1(
)1(

1

0

1







input
paA

Apss

A

input
paA

Apss

ontransmissifree

P
n
n

i

P
n

n

P . (33) 

4.3.3  Summary of Dynamics.  
Basing on the description and discussion shown previously, this study can summarize the dynamic 

behaviors of the series-type ICT in this section. First, the power flows of the series-type ICT are shown in Eq. 
29 and Eq. 33. 

Second, the output torque transmitted by the output power shaft can be further obtained from Eq. 27, i.e. 






















1 if
1

1

1 and1, if
)1(
)1(

10

1

1







controllerinput
Dcmg

paA

A

controllerinput
Dcmg

paA

Apssoutput

TT
N
N

i

TT
N
N

TT . (34) 

Third, the torque introduced by the free-transmission shaft can be also obtained form Eq. 33, i.e. 























1 if
1

1 and1, if
)1(

12

2

0

0

12

2








input
Dcmg

paA

Apss

Ecmg

A

A

input
Dcmg

paA

Apss

Ecmg

cmsEontransmissifree

T
N
N

N
N

i
i

T
N
N

N
N

TT . (35) 

4.4  Demonstrating Example 

In this section, one design example of the Series-Type ICT is proposed for the demonstration of 
application. 
4.4.1  Design Conditions with   , 1 , and 1 .  

In this example, the kinematic constants shown in Eq. 6 and Eq. 7 are chosen to be 2  and 5.1 , 
respectively. Then, according to Eq. 14, the basic speed-ratios of the two planetary gear trains A and B can be 
obtained as 3/10 Ai  and 5.00 Bi , respectively. From Eq. 6 and Eq. 8 to Eq. 10, the number of teeth on 
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each gear used in this series-type ICT example can be chosen and listed in Table 1. The schematic prototype 
of the series-type ICT can also refer to Fig. 6. 

Table 1. Number of teeth on each gear used in the demonstrating example. 

Gear 
cmg1

D 
cmg2

D 
paA ps1A ps2A pp1A pp2A 

pss2A 

Number of teeth 60 80 60 45 30 15 30 60 

Gear cmg1E cmg2E paB ps1B ps2B pp1B pp2B pss2B 

Number of teeth 60 60 40 40 30 20 30 60 

According to the analytical results shown in Eq. 15, Eq. 16, Eq. 34, and Eq. 35, the kinematic and dynamic 
behaviors of this series-type ICT example can be summarized as follows: 

controlleroutput nn
3
2

 , (36) 

controllerinputontransmissifree nnn 22  , (37) 

controllerinputoutput TTT 5.15.1  , (38) 

inputontransmissifree TT 5.0 . (39) 

5. 結果與討論 

This study proposes an innovative design of the series-type ICT. The kinematic and dynamic analyses of 
the series-type ICT are investigated and their analytical equations are derived. The series-type ICT can 
provide similar functions to those of an IVT or a CVT, and produce a required and desired output angular 
velocity, which is independently manipulated by a controller and not affected by the input angular velocity. It 
also means that the series-type ICT can overcome the input speed fluctuations and provide a steady-speed 
output. By means of its kinematic characteristics, the series-type ICT also shows a possibility of application 
that it could transmit a steady-speed output to the generator to generate electricity with stable frequency while 
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being applied to variable speed wind turbines. Further researches about the demonstration and verification 
about the performance and application of the series-type ICT are also proceeding. 

6. 專有名詞 

A first planetary gear train 
AD one of the rotational shafts of A and it connects to D 
AE one of the rotational shafts of A and it connects to E 
B second planetary gear train 
BD one of the rotational shafts of B and it connects to D 
BE one of the rotational shafts of B and it connects to E 
cmg1 one of the gears mounted on cms 
cmg1D one of the gears mounted on cmsD 
cmg1E one of the gears mounted on cmsE 
cmg2 one of the gears mounted on cms 
cmg2D one of the gears mounted on cmsD 
cmg2E one of the gears mounted on cmsE 
cms rotational shaft of the transmission-connecting member 
cmsD rotational shaft of D and it connects to the input power source 
cmsE rotational shaft of E and it connects to the free-transmission end 
CR rotational shaft connected to the controller 
D first transmission-connecting member 
E second transmission-connecting member 

0i  basic speed-ratio of a planetary gear train 

Ai0  basic speed-ratio of A 

Bi0  basic speed-ratio of B 

Xn  angular velocity of the rotational shaft indicated by its subscript 

XN  number of teeth of the gear indicated by its subscript 
OP rotational shaft connected to the output power end 
pa planet gear carrier 
paA planet gear carrier of A 
paB planet gear carrier of B 
pp1 one of the gears of the compound planet gear set 
pp1A one of the gears of the compound planet gear set in A 
pp1B one of the gears of the compound planet gear set in B 
pp2 one of the gears of the compound planet gear set 
pp2A one of the gears of the compound planet gear set in A 
pp2B one of the gears of the compound planet gear set in B 
ps1 first sun gear 
ps1A first sun gear of A 
ps1B first sun gear of B 
ps2 second sun gear 
ps2A second sun gear of A 
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ps2B second sun gear of B 
pss1 rotational shaft on which ps1 is mounted 
pss1A rotational shaft on which ps1A is mounted 
pss1B rotational shaft on which ps1B is mounted 
pss2 rotational shaft on which ps2 is mounted 
pss2A rotational shaft on which ps2A is mounted 
pss2B rotational shaft on which ps2B is mounted 

XP  power introduced by the rotational shaft indicated by its subscript 
SD rotational shaft connected to the input power source 
SE rotational shaft connected to the free-transmission end 

XT  torque introduced by the rotational shaft indicated by its subscript 
α kinematic constant between the angular velocities of AD and BD 
β kinematic constant between the angular velocities of CR and OP 
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