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An innovative transmission mechanism, referred to as
a series-type independently controllable transmission
(ST-ICT), 1is 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
1s 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.

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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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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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. s

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 Maifer proposed an electrically
controlled power splitting drive train for variable speed wind turbines [6]. Miiller 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].

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.



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 4 and B, and two transmission-connecting members, indicated by D and E. As respectively depicted by 4D,
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 £ connects to the free-transmission end by shaft SE.

Finally, the third shaft of the planetary gear train 4, i.e., OP, could connect to the output power end, and the

Output power Input power

Series-type ICT

Free-transmission Controller

Fig. 1. Conceptual scheme of the series-type ICT.

SD

Input power

Controller

Output power

Free-transmission

Fig. 2. Structure of the series-type ICT.



third shaft of B, 1.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 4D and BD are used to transmit the input power respectively to the planetary
gear trains 4 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

n —an,, (1)

where n denotes the angular velocity of the rotational shaft indicated by its subscript, and o 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

Nep = Py, (2)

where S is a kinematic constant. The kinematic constants a and f 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.

0, =n,. (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 psl
mounted on a rotational shaft pssl, a second sun gear ps2 mounted on a rotational shaft pss2, at least one
compound planet gear set including gears ppl 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

Fig. 3. Positive-ratio planetary gear train.



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 i,, can be expressed as

n..,.—n N xN

l.o _ pssl pa ppl ps2 , (4)

n N . xN

pss2 - pa psl

pp2

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

)

n _npss]_(%_io)npa )

pss2
Ly

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 cmgl and cmg2 mounted on a rotational shaft cms, which can connect to either the
source of input power or the free-transmission end. Gears cmgl and cmg2 are used to respectively connect
with the shafts coming from the two planetary gear trains 4 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 4 and B are
just the shafts 4D, 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 4 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 4 and B, shafts of the first
sun gears, 1.e., pssl4 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 pad, pss2A4, 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:

N5 =0n (6)

paB pad >

N, = B VR (7

cms

—_

Fig. 4. Transmission-connecting member.



n =n

pss2B pss2A4°
i _ npsslA - npaA _ Npp]A X Nps2,4
04 — - ’
npssZA - npaA Nps]A x NppZA
i npsslB - npaB _ Npp]B X NpSZB
0B - ’
npssZB - npaB Nps]B x NppZB
M psia —(I—iy, )npaA
npssZA - . )
Lo
My —(I=ipp )npaB
npssZB - . )

Lo

where i,, and i, are the basic speed-ratios of the planetary gear trains 4 and B.
4.2.5 Design Formulas of the Series-Type ICT.
Substituting Eq. 6 and Eq. 7 into Eq. 12 yields

ﬁnpss]/{ _(l_iOB )anpa/{
pss2B =

n .
Lo

®)

)

(10)

(1D

(12)

(13)

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

follows:

D
coTT T T TTTTTTT T T T T T T T Tt emsD
:— ' Input power
____________ ,I______Ef:::::______ 2D
cmglD paA P - > PQB cme.
F pp1A| IppZA\ / pp23| IpplB\

psslA | ! -Z :I'D-I-pSSZAT l,TpssZB'J':_:Lr ; \, | pss1B
\ 1 1n Ll

\ psld ps24 -/ \ ps2B  pslB
\

Controller

Output power

Free-transmission

Fig. 5. Arrangement of the series-type ICT.



. o— . a-p .
Iy, =—"— 0, = ifa#p,a#land g #1
TP RTE p p1

(14)
ifa=p=1

log =lop

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 a and f, 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 :
— Beontrolier if o # ﬁ, a #1and ﬁ =1
Rovipur = , (15)
Beontrolier if a= ﬁ =1
SINCE My =Nop =M peiy and 7,00 =Neg = Mosis -

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

N

_ _ _ pss24
n free—transmission Bepse = N pss2A
cmg2E

ol - N,os Newein l-a N, .

( ﬁ) : = : < nin ut + : = : ncontroller lf a* ﬁ’ o # 1 and ﬁ #1 (16)

a-p N N " a-B N ’

cmg2E pad cmg2E

i()A_l. Npss2A .Ncmng. _L. NpssZA X if _ =1

i N N ninput i N B eonrolier o= ﬁ -

04 cmg2E pad

Fig. 6. Schematic prototype of the series-type ICT.



Ncmg]D
N ’ ninput :

pad

since n,,, =—

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
P, =T.n,, (17)

where Pyand Ty 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 energys, i.e.

> P=P,,+P, ,+P, =0. (18)

pssl pss2 pa

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.

>T=T,,+T,,+T, =0. (19)

pssl pss2 pa
By referring to Eq. 4, and Eq. 17 to Eq. 19, the following results can be also obtained:

T,..,=—i,T

pss2 pssl o

(20)

Tpa = (ZO _I)Tpssl : (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

T

Pcontroller = Tcontrollerncontroller = pssanpss]B = ﬁTpssl Bnpss] A4

(22)

The input power is transmitted into the planetary gear trains 4 and B by the shafts pa4 and paB, therefore it

can be expressed as



Pinput = T;'nputninput = TcmsDncmsD :TpaAnpaA + TpaBnpaB . (23)
Referring to Eq. 21 yields

TpaA = (iOA - l)Tpss]A > (24)
TpaB = (iOB - I)TpsslB . (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

Pinput = (iOA - I)Tpss]AnpaA + a(iOB - I)TpssanpaA : (26)

The torque introduced by the shaft pss14 can be derived by rearranging Eq. 26, and the result is

1 p _oc(iOB—l).T 27)

7T ,=—
psslA . input . psslB *
(los — l)npaA Iy —1

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

P :T n :TSS]Anpss]A' (28)

output output" " output P

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

ﬁ(a - 1) N4 .
pss

1 ’ ’ Pinput - Pcontroller lf a# ﬂ’ a# 1 and ﬂ #1

a( - ﬂ) npaA

=1 (29)
n
pss1A . _ _

. 1 ’ ’ Pinput - Pcontroller lf a = ﬂ =1

ZOA - npaA
Referring to Fig. 5, the power introduced by the free-transmission end is
Pfree—transmission = Tﬁee—transmissionnﬁee—transmission = T;msEncmsE :TpSSZAnpSSZA + TpssZB”pssZB : (30)

Eq. 20 can be also rewritten as follows:



TpssZA = _iOATpss]A > (3D

T

pss2B

=—iy,1

pss1B *

(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

_ n .
(ﬁgz B e _plp ifa#fazland f 1
o - l’lpaA
R‘i’ee—transmission = . (33)
1 M g p ifoa=p=1
1_ iOA npaA .

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.

Bla-1) N
a(B=1) N

T;"PW - ﬁTL’ontroller lf a -+ ﬁ, o+ 1 and ﬂ =1

Tompm - TPSS]A - 1 NpaA . : (34)
1—1 . N . T;-nput - T;ontroller ifa= ﬁ =1
B ZOA cmglD

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

o - N, N .
B Dengze | Ny T, ifa#f,a#land g #1
1 N N input
a(ﬁ - ) pss2A cmglD
free—transmission = T;msE = . (35)
ZOA NcngE NpaA T f N _1
1 . ’ N ’ N ’ input I a _ﬁ -
“log pss24 cmglD

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 oo # [, a#1,and B #1.

In this example, the kinematic constants shown in Eq. 6 and Eq. 7 are chosen to be =2 and f=1.5,
respectively. Then, according to Eq. 14, the basic speed-ratios of the two planetary gear trains 4 and B can be
obtained as i,, =1/3 and i, =0.5, respectively. From Eq. 6 and Eq. 8 to Eq. 10, the number of teeth on

9



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.

cmgl | cmg2 pss2A
Gear paAd pslA | ps24 | ppld | pp2A4
D D
Number of teeth 60 80 60 45 30 15 30 60
Gear cmglE | emg2E | paB pslB | ps2B | pplB | 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:

2
noutput = E ncontroller ’ (36)
nﬁee—transmission = _2ninput - 2ncontroller ’ (37)

T =157  —15T (38)

output input L controller >

=0.5T,

input *

(39)

free—transmission

5. B%EHH%

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

10



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. &1 &3

A first planetary gear train

AD one of the rotational shafts of 4 and it connects to D
AE one of the rotational shafts of 4 and it connects to £
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 £
cmgl one of the gears mounted on cms

cmglD  one of the gears mounted on cmsD

cmglE  one of the gears mounted on cmsE

cmg?2 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 £ 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

I basic speed-ratio of a planetary gear train

Iy 4 basic speed-ratio of 4

lop basic speed-ratio of B

My angular velocity of the rotational shaft indicated by its subscript
Ny 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 4

paB planet gear carrier of B

ppl one of the gears of the compound planet gear set

pplA one of the gears of the compound planet gear set in 4
pplB one of the gears of the compound planet gear set in B
pp2 one of the gears of the compound planet gear set
pp24 one of the gears of the compound planet gear set in 4
pp2B one of the gears of the compound planet gear set in B
psl first sun gear

pslA first sun gear of 4

pslB first sun gear of B

ps2 second sun gear

ps2A second sun gear of 4

11



ps2B
pssl
psslA
psslB
pss2
pss24
pss2B

second sun gear of B

rotational shaft on which ps1 is mounted

rotational shaft on which ps14 is mounted

rotational shaft on which ps1B is mounted

rotational shaft on which ps2 is mounted

rotational shaft on which ps24 is mounted

rotational shaft on which ps2B is mounted

power introduced by the rotational shaft indicated by its subscript
rotational shaft connected to the input power source

rotational shaft connected to the free-transmission end

torque introduced by the rotational shaft indicated by its subscript
kinematic constant between the angular velocities of AD and BD

kinematic constant between the angular velocities of CR and OP
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Abstract. An innovative transmission mechanism. referred to as a series-type independently
controllable transmission (ICT), is proposed in this study. The series-type ICT is an alternative form
of the parallel-type 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 mnput shaft. While being applied to
variable speed wind power systems, the ICT mechanisms could overcome turbine speed fluctuations
and provide a constant speed output to the generator to generate electricity with constant frequency.
The 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.

Introduction

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 1s
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].

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
Maiper proposed an electrically controlled power splitting drive train for variable speed wind turbines
[6]. Miiller 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].

All ights reserved. Mo part of contents of this paper may be reproduced or transmitted in any form or by any means without the written permission of TTP,
www tip.net. (ID: 203.72.1.66-10/0912,03:28:51)
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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 1s 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.

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.¢.. 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 shatt veloeity.

The structure of the series-type ICT, as shown in Fig. 2. is composed of two planetary gear trains,
denoted by 4 and B. and two transmission-connecting members, indicated by D and E. As
respectively depicted by 4D, OP, AE and BD, CR. BE, each planetary gear train has three rotational

Output power Input power

Series-type ICT

Free-transmission Controller

Fig. 1. Conceptual scheme of the series-type ICT.

Input power

Output power Controller

Free-transmission

Fig. 2. Structure of the series-type ICT.

41



Advanced Materials Research Vol. 579 485

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 4D 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 4. 1.e.. OP, could connect to the output power end,
and the third shaft of B. 1.e.. CR. could connect to the controller.

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.
Basic Requirements of Kinematics. As shown in Fig. 2. shafts 4D and BD are used to transmit the
input power respectively to the planetary gear trains 4 and B. To achieve the function and
performance of the series-type ICT, the relationship of the angular velocities between shafts 4D and
BD can be set as

Mgn =CH 5. (1)

where n denotes the angular velocity of the rotational shaft indicated by its subseript, and a 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, 1.e., OP and CR. can be set as

M (2)

where f 15 a kinematic constant. The kinematic constants ¢ and § 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 4F and BE are set to be equal. 1.e.

Mgy =H 5. (3)

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 pssl. a second sun gear ps2
mounted on a rotational shaft pss2. at least one compound planet gear set including gears ppl 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

///:Dl UP;E\\\

/ %

pssl l ¢ = H HLI pss2 B
J—l h pss2

\
) psl ps2 7
/

Fig. 3. Positive-ratio planetary gear train.
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same direction of rotation. Therefore. its basic speed-ratio, which is 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
iy . can be expressed as

g pssl T ”pa s N ppl XN psl (4:]
c B == T . .
Hon —H N o XN

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

el )r.rpa

”p:s! = - . : [5:]
Iy

Transmission-Connecting member. A transmission-connecting member used in this study is shown
in Fig. 4. The transmission-connecting member comprises gears emgl and emg2 mounted on a
rotational shaft ems. which can connect to either the source of mput power or The free-transmission
end. Gears emgl and emg2 are used to respectively connect with the shafts coming from the two
planetary gear trains 4 and B. The capability of the shaft ems 1s similar to that of the shaft SD or SE
shown in Fig. 2. The shafts coming from the two planetary gear trains .4 and B are just the shafts 4D,
BD or AE. BE shown in Fig. 2. respectively.

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 4 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 4 and B, shafts of the first sun gears, 1.e.. pssl4 and psslB. are
similar to the shafts OP and CR shown in Fig. 2 and connect to the output power end and the

|
|
I cins
I
|
|
|

R—

D
[ TR e, R A e fpe et gy
I } Input power
________________________________ |
O | _B y )
cmglD pad . R PI?B cmgll)
{ v 9.-?H| rppl-l“\ K ‘pp B| nglg
pssld 'y 24 pss2B 5518
Output power = L—L ITHSS T Ig IT J_T i Controller
I J. _L,-'\ J. .II 1
x\ psld pod g 7a ps2B pslB
\\\ L \_\\ o
T e St E e
12 - emsE [ 7T T T T Tomg 27 I
Free-transmission 4 i cmglE I

Fig. 5. Arrangement of the series-type ICT.
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controller. respectively. The functions of rotational shafts pad. pss24. paB. and pss2B are also similar
to those of the shafts 4D, AE, BD and BE, respectively. From the previous description, Eq. 1 to Eq. §
can be rewritten as follows:

M pap = O pyq - ()

Mpein = B W1y (7

A =My (8)

= M pss1d = Mpad - }"T_vpl.i X .'\'7]”3_,1 ) (9)
C Mpeog —Ppas Npgg XNy

iyp = =— —— (10)

Aoy = _'__ : . (11)

S _ L (12)

where i,, and i;p are the basic speed-ratios of the planetary gear trains .4 and B.

Design Formulas of the Series-Type ICT. Substituting Eq. 6 and Eq. 7 into Eq. 12 yields

n_,—(l—i,; )an
_— =.3 pesl A : 08 /7" pat (13)
Tog

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

k= a-p _fuB=a_‘£ fazf azland f21
I Bla-1) o—1 :

(14)
iva =1og fa=pf=1

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 ¢ and /5. the configuration, the kinematic and dynamic behaviors of
the series-type ICT can be modified according to the requirements of design.

Summary of Kinematics. Basing on the description and discussion shown previously, this study
summarizes the kinematic behaviors of the series-type ICT 1in this section. First according to Eq. 2 or
Eq. 7. the angular velocity of the output power shaft can be obtained as

Enmmﬂﬂ ifazf.az#land f£1

(15)

M ovpur =
n ifa=4=1

. controllsr

siee HMW =Hpp = ”_pﬁ.sl.d. and M ool — TeR: — ”_p\s.r]ﬂ gy
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Fig. 6. Schematic prototype of the series-type ICT.

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

— - "“\'r_mld "
”ﬁw—mmﬁs.riaw W E N ”ps.sl A
= emglE
a(1— ) Npwry Neweip l-a Ny :
; = 5 s F ﬁ = A, HaZzP azland B#£1 (16)
o — “emglE <Y pad o — “YemglE
fos =1 Npwra ~Almgm-n ol e n fa=p=1
- '.\'Ir ?\f,— ot Z '.\.T conroller g g
L T4 Veme2E LY pad Ina YomelE
T
. _ ‘-\Icmglﬂ
SINCE Mppy =——— S P
N
pad

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

where Pyand Ty respectively denote the power and torque introduced by the shaft indicated by its
subseript.

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.

S P=P,y + Py + P, =0, (18)

pa
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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 1s equal to zero [13.14]. 1.e.

I T =Ty ATy + T =0 (19)

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

T_pw.s] = _!-C Tps:l E (20)
T, ==, 1)

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

B

= & = (27
comtrollar _Tc.ommﬂernmﬂ'oﬂer _Ip:slﬂ ”p;.slB = ﬂm:lﬁ”pﬁlj - [d-":]

The input power 1s transmitted into the planetary gear trains 4 and B by the shafts pad and paB,
therefore 1t can be expressed as

j'-':.,w = Imn:. =T .p" D =.'|!'"Im}1rjx14 +Tpa3arpa3. (23)
Referring to Eq. 21 yields
T_pa_«l T Uﬂ_-i B l)I—p.T.TL‘f » (24)

B sl e (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

Bt = (g g DT oy g1 + Oy — DT 51y - (26)

The torque introduced by the shaft pss1.4 can be derived by rearranging Eq. 26. and the result 15

1 a(is;—1)
e - (27)
i i =Dn . e Ips —1 5
From Fig. 5. the output power transmitted by the series-type ICT can be expressed as
PW =TWHW =T som (28)

posld” pesld "

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

e [ { e =
Bla—1) Mpas P — Powrotie if@#B.@#1and B#1

a(l-B) n,,
= ; : (29)
Hpesld =
- et ‘Eupnr i ‘F;ommﬂar lf o= -‘3 =1
T4 — 1 Mo
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Referring to Fig. 5. the power introduced by the free-transmission end is
Pﬁ'ﬂa—rrmt.mi:.rfarl = Tﬁ'as—:mu..'?uim’auF?ﬁss—n'ammis.si'm = Tcmsfnmuﬁ =Ip:.r];iﬂp:sl.d &k Tp::lﬁ”p:ﬂﬁ 3 [:5{:')

Eq. 20 can be also rewritten as follows:

Tpﬁ:!.-i = _?.O.d.Tp;:l_d. 3 [:5 1)
T, pszlB —Iog], psslB - (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

Bla=1) Mwu ‘p fazfazland f#1

i a(ﬂ_]] H_pa,{ ) o
Pﬁ‘se—fmmn’::fon o y \ [:3 5:1
1 ”p:.l.'l;! .
: —1|P ita=0=1
I\_ - n. ! _— p

Summary of Dynamics. Basing on the deseription 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.
2718,

(B@-1) N
a(f-1) N,.p

Tt Bl iy T @#f@#land f£1

Lot = Tpes1s = ) N : (34)
¥ A4 .
] 1—i i N s inpui Imm‘raﬂ'er 1f &= -‘5, =1
L 04 ~ emglD

Third. the torque introduced by the free-transmission shaft can be also obtained form Eq. 33. 1.e.

-

o _)B . J“’"IT:'J':ojgl.E . _’\."m_! i I-
= - mput
m:ﬂ —1) *?“"Jw:_a ‘-\.mxglﬁ' &

fazf.a#land 1

Tﬁ'sc‘— ransmission Tamf = i - . (3 5:1
g Nemerz  Npau £
. : r M ? I_i!put ma= )3 =1
\l —Ip4 ?"mz.i A.rmng

Demonstrating Example

In this section, one design example of the Series-Type ICT is proposed for the demonstration of
application.
Design Conditions with @ # 8, @ #1, and #1. In this example. the kinematic constants shown

in Eq. 6 and Eq. 7 are chosen to be @ =2 and f=1.5, respectively. Then, according to Eq. 14, the
basic speed-ratios of the two planetary gear trains 4 and B can be obtained as 7,, =1/3 and i3 = 0.5,

respectively. From Eq. 6 and Eq. 8 to Eq. 10. the number of tecth on cach gear used in this series-type
ICT example can be chosen and listed 1n Table 1. The schematic prototype of the series-type ICT can
also refer to Fig. 6.
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Table 1. Number of teeth on each gear used in the demonstrating example.

Gear cmglD | emg2D | pad psld | psZ4 | ppld | pp24d | pss24
Number of teeth 60 80 60 45 30 15 30 60

Gear cmglE | emg2E | paB pslB | ps2B | pplB | pplB | psslB
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:

”ar.r{pﬂr = %”NFIR’G“&T 2

Mo G —Eﬂmm A
I::mpur =1 'Srmpm =] '5Tmrm'oj‘fa' 1

T g rensmsson = 0-5 T -

Conclusion

(36)

(37)

(38)

(39)

This study proposes an innovative design of the senies-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 veloeity. which is independently manipulated by a controller and not affected
by the mput 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 being applied to variable speed wind
turbines. Further researches about the demonstration and wverification about the performance and

application of the series-type ICT are also proceeding.
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Nomenclature

A first planetary gear train

AD one of the rotational shafts of 4 and it connects to D
AE one of the rotational shafts of 4 and it connects to E
B second planetary gear train

BD one of the rotational shafts of B and it connects to D
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BE one of the rotational shafts of B and it connects to E
cmgl one of the gears mounted on cms

cmglD  one of the gears mounted on emsD

cmglE  one of the gears mounted on cimsE

cmgl one of the gears mounted on ems

cmg2D  one of the gears mounted on cmsD

cmglE  one of the gears mounted on cmsE

cms rotational shaft of the transmission-connecting member
cmsD rotational shaft of D and 1t connects to the input power source
emsE 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
iy basic speed-ratio of a planetary gear train
b basic speed-ratio of 4
g basic speed-ratio of B
N angular velocity of the rotational shaft indicated by its subscript
Ny number of teeth of the gear indicated by its subscript
OP rotational shaft connected to the output power end
pa planet gear carrier
pad planet gear carrier of 4
paB planet gear carrier of B
ppl one of the gears of the compound planet gear set
ppld one of the gears of the compound planet gear set in 4
pplB one of the gears of the compound planet gear set in B
pp2 one of the gears of the compound planet gear set
pp2d one of the gears of the compound planet gear set in 4
pplB one of the gears of the compound planet gear set in B
psl first sun gear
psld first sun gear of 4
pslB first sun gear of B
ps2 second sun gear
ps24 second sun gear of 4
pslB second sun gear of B
pssl rotational shaft on which ps1 i1s mounted
pssld rotational shaft on which ps1.4 is mounted
psslB  rotational shaft on which ps1B is mounted
pss2 rotational shaft on which ps2 i1s mounted
pss2A4 rotational shaft on which ps2.4 1s mounted
pss2B rotational shaft on which ps2B is mounted
B power introduced by the rotational shaft indicated by its subseript
SD rotational shaft connected to the imput power source
SE rotational shaft connected to the free-transmission end
Ty torque introduced by the rotational shaft indicated by its subseript
7 kinematic constant between the angular velocities of 4D and BD
B kinematic constant between the angular velocities of CR and OP

49



Advanced Materials Research Vol. 579 493

References

[1] P.W. Carlin. A.S. Laxson, E.B. Muljadi. The history and state of the art of variable-speed wind
turbine technology. NREL/TP-500-28607, (2001).

[2] A.D. Sahin. Progress and recent trends in wind energy. Progress in Energy and Combustion
Science, 30(5) (2004) 501-543.

[3] M. Balat. A review of modern wind turbine technology. Energy Sources. Part A: Recovery.
Utilization. and Environmental Effects, 31(17) (2009) 1561-1572.

[4] L. Mangialardi. G. Mantriota. Dynamic behavior of wind power systems equipped with
automatically regulated continuously variable transmission. Renewable Energy, 7(2) (1996)
185-203.

[5] M. Idan, D. Lior. Continuous variable speed wind turbine: Transmission Concept and Robust
Control, Wind Engineering, 24(3) (2000) 151-167.

[6] X.Zhao,P. Maifer. A novel power splitting drive train for variable speed wind power generators,
Renewable Energy. 28(13) (2003) 2001-2011.

[7] H. Miiller, M. Péller, A. Basteck, M. Tilscher, J. Pfister, Grid compatibility of variable speed
wind turbines with directly coupled synchronous generator and hydro-dynamically controlled
gearbox, Sixth Int’l Workshop on Large-Scale Integration of Wind Power and Transmission
Networks for Offshore Wind Farms. Delft, NL, (2006) 307-315.

[8] D. Lahr, D. Hong. Operation and kinematic analysis of a cam-based infinitely wvariable
transmission. ASME J. Mech. Des.. 131(8) (2009) 081009-1-081009-7.

[9] S.S. Hassan, Enumeration of feasible clutching sequences of epicyclic gear mechanisms. ASME
J. Mech. Des., 132(7) (2010) 071002-1-071002-8.

[10]G.S. Hwang, D.M. Tsay. J.H. Kuang, T.L. Chern, Independently controllable transmission with
series types, Japan Patent 3172333 (in Japanese) (2011).

[11]G.S. Hwang, D.M. Tsay, W.H. Liao, J.H. Kuang, T.L. Chern, Kinematic analysis of an
independently controllable transmission with a parallel type. International Journal of Automation
and Smart Technology. 1(1) (2011) 87-92.

[12]G.S. Hwang. D.M. Tsay, Independently controllable transmission mechanism, Taiwan Patent
1329173 (in Chinese) (2010).

[13]H.W. Miller, Epicyclic drive trains. analysis. synthesis. and applications. Wayne State
University Press. Detroit, 1982.

[14]E. Pennestri, F. Freudenstein, A systematic approach to power-flow and static-foree analysis in
epicyclic spur-gear trains, ASME J. Mech. Des., 115(3) (1993) 639-644.

50



The ASME 2012 11th Biennial Conference On Engineering Systems Design And Analysis

ESDA2012
July 2-4, 2012, Nantes, France

ESDA2012-82131

DESIGN OF A SERIES-TYPE INDEPENDENTLY CONTROLLABLE TRANSMISSION
MECHANISM

Guan-Shyong Hwang*
Department of Computer Science and Information
Engineering, Nanhua University
Chia-yi 62248, Taiwan

Jao-Hwa Kuang
Department of Mechanical &
Electro-Mechanical Engineering,
National Sun Yat-Sen University
Kaohsiung 80424, Taiwan

ABSTRACT

This study proposes a design of transmission mechanism
which is referred to as a series-type independently controllable
transmission (ICT). The series-type ICT is an alternative form
of the parallel-types proposed in the former researches. The
series-type ICT can serve as a continuously or an infinitely
variable transmission mechanism. and it can also produce a
required angular output velocity that can be independently
manipulated by a controller and not affected by the angular
velocity of the input shaft. The series-type ICT mechanism is
composed of two planetary gear trains and two transmission-
connecting members. Kinematic and dynamic characteristics of
the ICT mechanism are analyzed and their analytical equations
are derived for application in this study.

INTRODUCTION

Being capable of providing any speed ratio between output
and mput ends, an infinitely variable transmission (IVT) or a
continuously variable transmission (CVT) mechanism has been
widely employed in many automation engineering applications.
The IVT and CVT can also achieve the optimal condition of
power fransmission by their continuous range of transmission
ratios and independent transmission of selected torques.
Therefore, it is frequently an important and interesting topic for
many researches to design an efficient IVT or CVT.

Various researches have focused on the design of IVT and
CVT. For example, Gott classified continuously variable
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transmissions fo be four different categories: traction. belt,
ratcheting, and hydraulic systems [1]. Mucino et al.. presented a
system of continuously variable power split transmission
(CVPST). which consists of a variable pulley set coupling a
planetary gear train [2]. Kim et al. designed a spherical
continuously variable transmission (S-CVT) [3]. Parrish
proposed CVT mechanisms comprising first and second
planetary gear sets [4]. Benitez et al.. described an IVT
including one-way clutches and two planetary gear trains [5].
Kazerounian and Furu-Szekely presented a parallel disk CVT
(PDCVT) consisting of three disks [6]. Miller et al., illustrated
and described a variable speed fransmission having a plurality
of tlting balls and opposing input and output disks [7].
Bottiglione and Mantriota proposed a MG-IVT, which is
composed of the coupling of a CVT. a planetary gear frain and
two ordinary transmissions with a constant transmission ratio
[8]. Lahr and Hong designed a cam-based IVT of ratcheting
drive type [9]. Hassan presented the methodology for
enumeration of feasible clutching sequences of planetary gear
mechanism composed of two or more fundamental gear entities
[10].

In this study. a series-type independently controllable
transmission (ICT) mechanism is proposed to control speed and
torque transmission [11]. The series-type ICT is an alternative
form of the parallel-types proposed in the former researches
[12-13]. Being similar to the parallel-type. the series-type ICT
can serve as a continuously or an infinitely variable
transmission mechanism. The series-type ICT can also produce
a required output speed that can be independently controlled by

1 Copyright © 2012 by ASME
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a controller and not affected by the angular velocity of the input
power shaft. 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 analyzed and their analytical equations are derived for
application in this study.

STRUCTURE OF THE SERIES-TYPE ICT

The conceptual design of the series-type ICT schematically
depicted in Fig. 1 consists of a mechanism possessing four
rotational shafts with specific functions, i.e., to connect to the
input power source, the output power end, the controller., and
the free-transmission end. The input power would be obtained
from an engine or a wind turbine. and the output shaft would
transmit power to a car’s wheels or 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 iput source or an output end. depending on the
configuration of the ICT and the speed ratio between the input
and output shafts. The speed ratio between the output shaft and
the controller is set as a constant and does not depend on the
speed of the input shaft. Therefore. the required angular
velocity of the output shaft can be obtained by the independent
manipulation of the controller, regardless of the variation of the
input shaft velocity.

The structure of the series-type ICT, as shown in Fig. 2. is
composed of two planetary gear trains, denoted by 4 and B. and
two transmission-connecting members, indicated by D and E.
As respectively depicted by 4D, OP., AF and BD. CR. BE. each
planetary gear train has three rotational shafts. and two of these
three shafts are comnected to the fransmission-connecting
members D and E. respectively. For example. shafts 4D and BD
are connected to the transmission-connecting member D. and
shafts 4E and BE are connected fo E. as shown in Fig. 2. The
third shaft of the planetary gear train 4. ie., OP, can be

Output power }7
Free-transmission }7

Fig. 1.

—{ Input power
4{ Controller

Conceptual scheme of series-type ICT.

Series-type ICT

| D |_£| TInput power
AD BD
Qutput power |£ ° ﬂ| Controller
i AE BE
Free-transmission I*—' E |

Fig. 2. Structure of series-type ICT.

connected to the output power end, and the third shaft of B. ie..
CR. can be connected to the controller. Finally, 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 can be comnected to the
free-transmission end by shaft SE.

KINEMATIC ANALYSES OF THE SERIES-TYPE ICT

In this section. this study analyzes the kinematic behavior.
derives the kinematic equations. and establishes the design
formulas of the series-type ICT.
A. Basic Requirements of Kinematics

To achieve the function and performance of the series-type
ICT, the relationship of the angular velocities of shafts 4D and
BD shown in Fig. 2. which are used to transmit the input power
respectively to the planetary gear trains 4 and B, can be set as

fgp =00 4 D

where n denotes the angular velocity of the rotational shaft
indicated by its subscript. and o 1s a constant.

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

Neg = Plige @

where £ is a constant. The kinematic parameters o and f can be
used to determine the speed ratios between the rotational shafts,
and then the configuration of the series-type ICT.

Finally. the angular velocities of the shafts 4F and BE are
set to be equal to each other. i.e.

Ngg = Nyg (3)

B. 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 psl mounted on the
rotational shaft pssl. a second sun gear ps2 mounted on the
rotational shaft pss2. at least one compound planet gear set
which includes gears ppl. pp2 and meshes with the first and
second sun gears, and a planet gear carrier pa. The shafts of the
first sun gear, the second sun gear, and the camrier are the

rotational shafts of each planetary gear train in the series-type

//’55’ : UPPE\\\\
pa T—'L \

i/
! \
psst L TT | pss2
P,
pssl r,‘_ J_ J_ | P, pss2
ps2

/
!
¥

Fig. 3. Positive-ratio planetary gear train
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ICT. namely 4D, OP, and AE. or BD, CR, and BE. as shown in
Fig. 2. respectively. 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 defined as the ratio of the relative shaft
velocities of the two sun gears respectively with respect to the
carrier, is consequently positive and cannot be equal to 1 [14].
The basic speed-ratio of a positive-ratio planetary gear train,
denoted by i, . can be also expressed as
n Nt XN 5

;o= et TMpa _

P T
Pz ~Mia N it

(4)
XN _
2
where N is the number of teeth on the gear indicated by its
subscript.
Rearranging Eq. (4) also yields

n =

pss2

Rieq ==t 0.,
o

Hpssl . ?0”sz2

e 1—i,
C. Transmission-Connecting member

A transmission-connecting members used in this study is
shown in Fig. 4. The transmission-connecting member
comprises gears cmgl and cmg2 mounted on the rotational shaft
cms which can be used to connect to either the source of input
power or the free-transmission end. Gears emgl and emg2 are
used to respectively connect with the shafts coming from the
two planetary gear trains 4 and B. The capability of shaft ems 1s
similar to that of the shaft SD or SE shown in Fig. 2, and the
shafts coming from the two planetary gear trains 4 and B are
just the shafis AD. BD or AE. BE shown in Fig. 2. respectively.

D. Arrangement of the Series-Type ICT

A practical arrangement of the series-type ICT is
schematically shown in Fig. 5. In this ICT arrangement. both
the planetary gear trains 4 and B are positive-ratio types
shown in Fig. 3. and the transmission-connecting members D
and E are as the one shown in Fig. 4. In the planetary gear trains
A4 and B. the shafts of the first sun gear pssl4 and the second
sun gear pss2B. similar to the shafts OP and CR shown in Fig.
2, are respectively connected fo the output power end and the
controller. The fimction of the rotational shafts pad. pss2A.
pss1B. and paB are also similar to those of the shafts AD. AE,
BD and BE. respectively. From the previous description. Eqs.
(1)-(6) can be rewritten as follows:

|
l amgl

Fig. 4.

cms

cmg2

I
l

“
|
|
|
f
|
|
|
J

Transmission-connecting member.
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”pssl}? = m"pa‘i (7J
”p;.sZB = ﬁ”pﬂ'l:l (8)
”paB :”ps_rld (9)
i _ ”p;sld _”pad _ J\'lpplzi x I\}ps'.’zi (]O)
04 = T oar
”pssl:! - ”pnA N psld XNppZA.
= ”psslB - ”pﬂB o N pplB X*NFSEB (] 1)
0B — T e
Moern —Hpan Noap XN ap
pss2 pa ps pp2
n —(1—i, n
_ 'pssid 047" pad
”p:s!A - P (]2)
T4
- ”p:slB _}UE”AMSEE -
g = s o8 2 13)
I=T4

where 7,, and 7, are respectively the basic speed-ratios of

the planetary gear trains 4 and B.

E. Design Formulas of the Series-Type ICT
Substituting Eqs. (7) and (8) into Eq. (13) yields

an .4 _"(JBﬂ”pmA
paB 1

, (14)
Iy

Referring to Eq. (9). the design formulas of the series-type
ICT can be derived by equating Eqgs. (12) and (14), and the
results are

iﬁA:%.r‘oﬂ:g—_i fazf. azland f#1
T o
) (15)
. 1 .
iy =1—— fa=p=1
)

According to the arrangement shown in Fig. 5 and the
design formulas shown in Eq. 15, Fig. 6 illustrates a schematic
prototype of the series-type ICT for future demonstration and
application.

F. Summary of Kinematics

Basing on the description and discussion shown previously,
the kinematic behavior of the series-type ICT can be
summarized in this section. First. according to Eq. (2) or (8),

D
I i emsD
} i) i Input power
emgiD | pad _-—-~.4 PaB oo B
A T, | PP TppaBn,
Output power posld ¥ Iﬂ :Hl—lﬂ Controller
i - 2B i
I PSS B P
s | pss1BY, v
. il | g | oo
Free. i i gt cmglE i
Fig. 5. Arrangement of series-type ICT.
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Fig. 6.

Schematic prototype of the series-type ICT.

the angular velocity of the output power shaft can be obtained
as
1

=—-n (16)
output ,B controller

R

““he]“e ‘r.jconlraﬂer = ”szZB = ”C’R al]d ”ou!pur = Hp;xld = HOP '

Second, referring to Fig. 5 and the results of Eqs. (12),
(15). and (16). the angular velocity of the free-transmission
shaft can be obtained as

. N pss2A
”fr@e—ﬁ'{msmis;fan - N T npjsl.-f
{ emg2E ( 1 7)
F I
_ l-a "NpssEA a(]-_ﬂ) N pss24 J1\'rcmng "
. _ F conmoller _ T - input
a-f N emg2E a-j3 Ncmgzs i\'paa
N cmglD

where n,,, =— N Pt
N

DYNAMIC ANALYSES OF THE SERIES-TYPE ICT

In this study. an input shaft is defined as ntroducing a
positive power info the series-type ICT and consequently the
torque and the speed have the same sense of rotation and carry
the same sign. Conversely, an output shaft introduces a
negative power while the torque and the speed carry opposite

signs. The power introduced by the shaft of the ICT can be
expressed as
Ze=T.m, (18)

where P and T denote the power and torque introduced by the
shaft indicated by its subscript, respectively.
A. 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.

»P=P P

pesl pss2 +Ppa =0 (19)
In a stationary operating condition. a planetary gear train
will also yield the equilibrium condition that the sum of all
external forques acting on the shafts is equal to zero. i.e. [14-
15]
P =T 54T

pssl pss

2471, =0 (20)

By referring to Eqs. (4), (18)-(20). the following results can
be also obtained:

T,, =, — DT, 21
Ip:s} = _iUIprsl. (22)

B. Power Flows and Torque Analyses of the Series-
Type ICT
When considering the series-type ICT shown in Fig. 5 and
referring to Eq. (8), the power introduced by the controller shaft
can be expressed as

Pmn&oﬂer = Tcannol’ler”mnnvﬂer = TpssZ B” pss2B &
_ B (23)
=p pss2BM pss1

The input power is ftransmitted respectively into the
planetary gear trains 4 and B by the shafts pad and psslB,
therefore it can be expressed as

B T,

input = iﬂpurnmpur = L emspMemsD (,)4)
= pﬂb{npfbi +Tp:slB”p;519
Referring to Eqs. (15). Eqs. (21) and (22) can be also
rewritten as

— _a(-p) ”
Tpm = (i, _])Tpssu = m 7 ‘Tpssl.‘f (25)
1 18
TPJSlB . _g R pss2B e ﬁ i TpssZB (26)

By substituting the results of Eqs. (7). (25), and (26) into
Eq. (24). the expression of the input power can be rewritten as

a(l-p) a(l-f5)
mput = m # TpsslA”_paA o+ ﬁ . Tpssan
The torque introduced by the shaft pss1.4 can be derived by
rearranging Eq. (27), and the result is
ﬁ(a it 1) Enpur
= e i o B o

pssld C\."(]. —ﬂ) ”PG-{ ﬂ pss2B
Referring to Fig. 5. the output power transmitted by the

series-type ICT and the power introduced by the free-
transmission end can be expressed as follows:

27

pad

(28)

— — 93
Poutpm i Toiarput”am})ur _Tpssl_-lnpssl_-! ("9)
Pﬁee—ﬂummfssian - free—transmission Hfme— transmission ‘TrmsE il.".:'m.sE 2
30)
= Tpﬂ 24 ”PSJ 24 + Tpa}? ”pa}?
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Substituting the result of Eq. (15) into Eqs. (12) and (22)
also yields

a—1 a(l-
”pssEA :M' pssid Lim'npa_{ (31)
a-f a-f
‘ p-a .
‘Tpssl-l = 71(},{1;:5111 = m Tpx;l,& (32)

Substituting the results of Eqs. (15) and (26) into Eq. (21)
also yields
A P . x|

pa pss1B
0B

A8 (33)

: pss2B o 1 pss2B

C. Summary of Dynamics

Basing on the description and discussion shown previously,
the dynamic behavior of the series-type ICT can be summarized
in this section. First. substituting the result of Eq. (28) into Eq.
(29) and referring to the result of Eq. (23) can rewrite the
equation of the output power transmitted by the series-type ICT,
and the result is

- ﬁ(a_l) " ”pnl:l . "
oulpur (T(]. = ﬁ) ”pﬂ nput

Second, substituting the results shown in Eqs. (31)-(33)
info Eq. (30) and referring to the results of Eqs. (9) and (28) can
rewrite the equation of the power introduced by the fiee-
transmission end. and the result is

sz ﬁ(a_]) Hps:l:l

[free—fransmission ; 71 ‘R’npur
L a(f-1) Mpay

Third, the output torque transmitted by the output power

shatt can be further obtained from Eqs. (29) and (34). and the
result is

2

controller

(34)

(35)

ﬁ(a - 1) ‘vaa:f -
Toufput = TPSJIA = 1 # N lI;npuf 7ﬁTrannu1£¢;}- (36)
a‘(ﬁ* ) emglD
T
here 7 v - Apafi
Where 7, = Mopep =— - M
“VemglD

Forth. the torque introduced by the free-transmission shaft
can be also obtained by referring to the results of Eqs. (17) and
(35). and the result is

Tfree—hnnsmi’nian = I;'msE
_ =B Nagr Ny (37
) i ’ “Linput
a(f-1) Nps2a Nemgip
l " . _ J\'rpssia
where Hfrecfﬂ'ansmmfon = Mowse = — N E ”_pssﬁ.{ 5
“YemglE
CONCLUSION

This study proposes an innovative design of the series-type
ICT. The kinematic and dynamic analyses of the series-type ICT
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are investigated and their analytical equations are derived. The
ICT mechanism can produce a required output angular velocity,
which is independently manipulated by a confroller and not
affected by the input angular velocity. By means of its kinematic
characteristics, the series-type ICT shows not only the
feasibility of serving as an IVT or a CVT, but also the
possibility of application that it can transmit a steady-speed
output to a generator to generate the electricity with stable
frequency while being applied to variable speed wind turbines.
Further researches about the performance and application of the
series-type ICT are also proceeding.

NOMENCLATURE
A first planetary gear train
AD rotational shaft of 4 connected to D

AE rotational shaft of 4 connected to £
B second planetary gear train

BD rotational shaft of B connected to D
BE rotational shaft of B connected to E
emgl  gear in transmission-connecting member. which is
mounted on ¢ims
emglD gear in D. which 1s mounted on cmsD
emglE  gear in E, which is mounted on emsE
cmg2  gear in transmission-connecting member. which is
mounted on ¢imns
emg2D gear in D. which is mounted on ¢msD
cmg2E  gear in E, which is mounted on emsE
cms rotational shaft of transmission-connecting member
cmsD  rotational shaft of D, which is used to connect to input
power source
cmsE  rotational shaft of E, which is used fo connect to free-
transmission end
CR rotational shaft connected to controller
D first transmission-connecting member
E second transmission-connecting member
iy basic speed-ratio of planetary gear train
i basic speed-ratio of 4
Ton basic speed-ratio of B
Ny angular velocity of the shaft indicated by its subscript
Ny number of teeth on the gear indicated by its subscript
oP rotational shaft connected to output power end
P power introduced by the shaft indicated by its subscript
pa planet gear carrier
pad planet gear carrier of 4
paB planet gear carrier of B
ppl gear of compound planet gear set
ppld  gear of compound planet gear set of 4
pplB  gear of compound planet gear set of B
pp2 gear of compound planet gear set
pp24  gear of compound planet gear set of 4
pp2B  gear of compound planet gear set of B
psl first sun gear
psld  first sun gear of 4
5 Copyright © 2012 by ASME



pslB  first sun gear of B
ps2 second sun gear
ps24  second sun gear of 4
ps2B  second sun gear of B
pssl rotational shaft on which ps1 is mounted
pssl4d  rotational shaft on which ps14 is mounted
pss1B  rotational shaft on which ps1B is mounted
pss2  rotational shaft on which ps2 is mounted
pss24  rotational shaft on which ps2.4 is mounted
pss2B  totational shaft on which ps2B is mounted
SD rotational shaft connected to input power source
SE rotational shaft connected to free-transmission end
iz torque introduced by the shaft indicated by its
subscript
a constant of angular velocity between AD and BD
B constant of angular velocity between CR and OP
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