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INTRODUCTION

Gearboxes are used in various types of industrial machinery to provide

suitable torque while reducing speed from a rotating power source by

using gear ratios. Gearboxes are used in many applications, such as wind

turbines, conveyors, draglines, bridges and many other machines. Gears

also are used in differential drives of automobiles, final drives of tractors

and heavy machineries mainly as reducer. The efficiency of gear trains

depends on many factors such as the type and profile of teeth profile, 

contact stresses, number and type of bearings. These factors have been

studied with recent approaches in [Fetvaci, 2010], [Muni and

Muthuveerappan, 2009] and [Thirumurugan and Muthuveerappan, 

2011]. Design and Optimization of Cylindrical Gear Drives Based on ISO

6336 has been pinted out in [Nenov et al., 2012]. Planetary gear

transmissions are commonly used in applications where a large speed

reduction is required as pointed out in [Patel, 2009] and [Kahraman and

Ding, 2010]. Several design solutions have been proposed in the

literature, like for example in [Derek and Dennis, 2006], [Yaghoubi

and Mohtasebi, 2010], [Carbone et al., 2007]. For example a cam-based

infinitely variable transmission can be used for continuously variable

transmission, which can also achieve any transmission ratio, [Gulia, 

2002] and [Derek and Dennis, 2006]. This mechanism consists of two

main parts, namely a cam mechanism and a planetary gear set. Cam-based

CVT (continuously variable mechanism) can be more complex than

others, [Derek and Dennis, 2006]. In the case of a speed reducer, a gear

box with conical gears consists of 8 conical gears. Two of them are

horizontal and 6 pinions are located vertically. Each pairs of pinions are

locked together. But in this mechanism design in order to obtain any speed



ratios it is necessary to change value of pinion or horizontal gear, 

[Yaghoubi and Mohtasebi, 2010]. Magnetic planetary gears can be also a

solution for gearboxes, when they consist of a sun gear, four planetary

gears, and a ring gear. But each gear must have an axially permanent

magnet that is sandwiched between two yokes made of

electromagnetic soft iron. Magnetic gears have main advantage for a low

mechanical loss, but the transmission torque is usually very low as

pointed out in [Niguchi and Hirata, 2012]. Planetary gears can be

designed as a continuously variable transmission as proposed for

example in [Harries, 1991]. This mechanism can change the gear ratio

depending on the load through two degrees of freedom and eventually by

using a brake, [Harries, 1991]. Theoretical and experimental study of

pushing CVT dynamics is presented in [Carbone et al., 2007], where the

work is focused to design advanced CVT systems with improved

efficiency. A mechanism with a planetary gear set and a torque converter

is designed as a continuously variable transmission in [Crockett, 1990]. 

This mechanism has two degrees of freedom and makes uses of an

external torque to start the movement, [Crockett, 1990]. 

Open issues can be still identified in the efficiency smoothly changing

reduction ratio depending on the external load to output shaft. A new

design of a planetary gear box with two degrees of freedom as differential

gear box describes in [Balbayev and Ceccarelli, 2013a; Balbayev and

Ceccarelli, 2013b, Balbayev and Carbone, 2013; Balbayev, et al., 2014a;

Balbayev, et al., 2014b; Ivanov and Balbayev, 2012; Ivanov et al., 

2013a; Ivanov et al., 2013b]. The main purpose of this new planetary

transmission with two degrees of freedom is related to the capability at

adapting the operation to variable loading conditions by preserving

efficiency and input-output load ratio. Basic principles of this type of



gear box are presented in [Ivanov, 2001 and 2012] and this thesis gives

further developments in the efficiency of planetary transmission. The

proposed design solution provides a motion of output link with a speed

that is inversely proportional to shaft loading. These features are

suitable for using the proposed design in practical applications such as

differential planetary gear box in transmissions for vehicles, metal cutting

tools, wind turbines and other transmission applications needing smooth

control of ratio reduction but adaptation to a variable load. A proper

dynamic model has been developed within MSC ADAMS software to

provide information on the feasibility of the proposed design solution. 

Simulation tests have been carried out and results are discussed for

validating the proposed design and characterizing its operation. 

Experimental tests are considered for a planetary gear transmission. 

LARM test-bed has been built for a prototype of planetary gear

transmission. The contribution of experimental tests are on the study of

the effect of the output parameters of planetary gear train through

experimental tests. 

This book is aimed to present a new solution for improving efficiency of

planetary gear box with two degrees of freedom. The scope of the

b o o k is as following:

- A novel design for a new planetary gear box with 2-DOFs. 

- Dynamics simulation in ADAMS for checking the feasibility of the
proposed design. 

- To build a prototype of a new planetary gear box. 

- Experimental test validation with a prototype of planetary gear

transmission, which is the core of the new design.

Chapters of the book are organized as in the following. 

Chapter 1 reviews the state-of-the-art of the existing planetary gear



boxes with 2-DOFs and planetary transmissions with 1-DOFs with

special attentions on the design. The designs are analyzed. 

Chapter 2 presents a proposal for a new planetary gear transmission

with 2-DOFs. Kinematic equations of new planetary transmission are

formulated. In this chapter a kinematic model, CAD model, numerical

examples and mechanical design of a new planetary gear transmission

have been considered. A lubrication method and proper oil selection are

considered. 

Chapter 3 presents a dynamic analysis and simulation of the proposed

design within MCS ADAMS software. A dynamic analysis and

simulation of MSC ADAMS model have been done for a preliminary

and final design. Simulation results have been presented and discussed. 

In chapter 4, preliminary and final prototypes of a planetary gear

transmission are presented. A final prototype are shown and described in

detail. A low-cost experimental test-bed have been made for a non-

circular gear train in order to study output characteristics. This study

with a non-circular gear train is useful for experimental tests with a

prototype of proposed transmission. Experimental tests with a

prototype of a new planetary transmission have been made on LARM

test-bed with the aim to validate and characterize the output

parameters of a prototype. Experimental results of prototype of

planetary transmission are reported to show output characteristics of its

efficient performance. In this chapter a preliminary and final

prototype have been compared and considered. 

The contribution of this work can be summarized in the proposed

design of a planetary gear box with 2-DOFs solution, mechanical

performance characterization via dynamics simulation, and the

experimental test validation of the built prototype. 



CHAPTER 1

State of Art: Existing Gearboxes and Open Problems

Gear boxes are used extensively in many applications in industry such as

for automobiles, textile, shipping, aerospace, agriculture. They use

different kinds of gear boxes such as automatic gear boxes, manual gear

boxes, differential gear boxes, planetary gear boxes. A gearbox is a

mechanical device utilized to increase the output torque or change the

speed of a motor, [IFToMM Terminology, 2003]. The efficiency of

gear trains depends on many factors such as the type and number of

gears, the number and type of bearings and friction elements used to

transfer power from a power source to specific outputs, [Pennestri et. 

al., 2011] The motor's shaft is attached to one end of the gearbox and

through the internal configuration of gears of a gearbox, it provides a given

output torque and speed as determined by the gear ratio. The gears

particularly are used in differential drives of automobiles, final drives of

tractors and heavy machineries mainly as reducers. In general planetary

gear boxes have smaller size and more velocity reduction than other gear

boxes. Continuous variable transmissions have significant practical

interest when there is a need to adjust the transmission ratio according to

the externally applied load, [Artobolevsky, 1967; Berezovsky et al., 1983;

Patel, 2009]. 

1.1 Types of gearboxes

Many types of gearboxes are manufactured throughout the world. One

of the main differences among gearboxes is their performance

characteristics. Gearboxes are available in many sizes, ratios, efficiencies



and backlash characteristics. All of these design factors will affect the

performance and cost of a gearbox. Main types of gearboxes are

summarized in the list in Fig. 1.1. 

Fig. 1.1 A classification of gearboxes. 

1.1.1 Types of Gears

There are two types of bevel gearboxes which include either straight or

spiral teeth gears, Fig. 1.2 (a and b). Straight bevel gears have straight and

tapered teeth and are used in applications requiring slow speeds, [Cuifang

and Lu, 2011]. Spiral bevel gears have curved and oblique teeth and are

used in applications requiring high-performance, high speed applications, 

[Gosselin, 1991]. Bevel gearboxes use bevel gears and mainly used in

right angle applications with the shafts in a perpendicular

arrangement, [Artobolevsky, 1967; Ekshibarov and Levishev, 2006;

Litvin, 1997, Anaheim Automation, 2013, Targ, 1986, Toyota-club, 

2012]. 

Helical gears are cut at angles which allow for gradual contact

between each of the helical gear teeth, Fig. 1.2 (c). This type of innovation

provides for a smooth and operation. Gearboxes using helical gears are

applicable in high power and efficient applications. Helical gears are

widely used in applications which require efficiency and high power,





Worm gears are able to withstand high shock loads, low in

noise level and maintenance-free but are less efficient than other gear

types, Fig. 1.2 (e). Worm gears can be used in right angle configuration.  

The worm gearbox configuration allows the worm to turn the gear. 

However, the gear cannot  turn the worm. The prevention of the gear to

move the worm can be used as a braking system. When the worm

gearbox is not active, it is held in a locked  position.  

Worm gears are used  in applications requiring high speeds and

loads and can be configured for right-angle applications, [Flender,

2000; Dunaev and Liolikov, 1984].

1.2 Types of Planetary Gearsets

A mechanism is termed as a planetary mechanism if it contains at least

one rigid body which is required to rotate about its own axis and at the

same time to revolve about another axis, [Levai, 1968], [Saprykina and

Saprykin 2011]. Points of this body will generate epicycloids or

hypocycloids trajectories. Therefore a planetary mechanism is often

called as an epicyclic or cyclic mechanism, [IFToMM Terminology, 

2003]. 

Fig. 1.3 A general design of planetary gear boxes, [Artobolevsky, 1967]: (1-
sun gear; 2-ring gear; 3-carrier; 4-satellite). 



A planetary mechanism can be obtained by mounting a rigid body, often

referred to as a planet, on a crank pin. The crank is generally called the

arm or carrier, [Levai, 1968] and [Horunzhin and Baksheiev, 2007]. 

There are several kinds of planetary gear boxes, [Levai, 1968]. Usually

planetary gear boxes are composed as shown in Fig. 1.3 with a central

(sun) gear 1, satellites 4, carrier 3 and epicyclic internal gear 2. Satellites

which are hold by carrier, rotate with the carrier around the sun gear. 

Satellites rotate around their own axes and they rotate around sun gear, but

internal gear is fixed. Planetary gears can transmit high torques when

compared with other types of transmission, [August et al., 1984]. This is

because the torque is transmitted by several satellites which can

significantly reduce contact pressure on the surfaces of the teeth. 

Zoltan Levai in [Levai, 1968] described a total of 34 different types of

planetary gear sets that can be constructed; of these only a few are used in

practice. A few of the more common ones are shown in the section that

follows. For clarity, only one planet gear is shown for each type. More

planets can be added for balancing and to increase the torque capacity of

the gear set. The most basic type of planetary gear set is shown in Fig. 1.4

(a) and (b). Fig. 1.4 (a) shows a three-dimensional view while Fig. 1.4

(b) presents a cross-section. In this gear train, inputs and output can be

taken from the carrier, ring and sun gears, and only the planet

experiences epicyclic motion. This is the most common type of planetary

gear set (with the exception of the differential) and it finds application in

speed reducers and automatic transmissions. 



(a) (b)

Fig. 1.4 Basic type of planetary gear set with 1- carrier; 2- planet gear; 3- ring gear; 4-
sun gear; a) a 3D view; b) cross-section view. 

The gear set shown in Fig. 1.5 (a) and (b) has two sun gears, and the

two planet gears rotate as a single unit. The sun gears can rotate

independently of one another. The inputs and output can be selected

from both sun gears and the carrier. Very high speed reductions can be

achieved with this unit, but it can suffer from low efficiency if not

designed correctly. 

(a) (b)

Fig. 1.5 Type of planetary gear set without ring gear with 1- input sun gear; 2- output
sun gear; 3- planet gears; 4- carrier; a) a 3D view; b) cross-section view. 



Fig. 1.6 Diferential planetary gear set with 1- spider; 2- miter gear (planet); 3- miter
gear (sun 1); 4- miter gear (sun 2); a) a 3D view; b) cross-section view. 

The gear set shown in Fig. 1.6 (a) and (b) is different from the

preceding gear sets in that it is composed of miter gears rather than spur

(or helical) gears. The sun gears are those that do not undergo the

epicyclic motion experienced by the planets. The differential can be

used to measure the difference in speed between two shafts for the

purpose of synchronization. In addition, the differential is often used

in automotive drivetrains to overcome the difference in wheel speed when

a car goes around a corner. 

Generally planetary gear sets may have two inputs and one output. It

can be freely chosen which shafts are the inputs and which is the output, 

as shown in Table 1.1. It is this free choice that makes determining an

overall ratio. 

Table 1.1 Possible inputs and outputs for the common planetary gear set.

Option Inputs Output

1 sun and carrier ring

2 ring and sun carrier

3 ring and carrier sun



1.3 Existing Planetary Gearboxes

Mechanical planetary gear sets which are shown in Figs 1.4-1.6 can also

be used for continuously transmissions. In this case the mechanism can

independently change the gear ratio depending on a load that can appear

relatively suddenly. This is a mechanism with constant mesh gears with a

continuously variable transmission ratio as in Fig. 1.7. (a and b). The

mechanism is designed as a differential mechanism with two degrees of

freedom. It consists of input and output carriers with satellites and the

block of the central (sun) gears, the block epicyclic gears, a starting part

and a brake. This transmission can independently change the gear ratio

as depending on the load. In the beginning brake fixes internal gears and

transmission will be have one degree of freedom. Transmission can not

make force which satellite should transfer to the output carrier and output

shaft. To start a movement it is necessary to use a brake. A brake stops

the block of epicyclic gears and system will be transformed to a system

with movable output carrier and fixed ratio. After braking motion begins

and the system can work with two degrees of freedom, [Harries, 

1991]. A Block diagram of this planetary transmission is shown in

Fig. 1.8. In the case continuously transmission, this transmission can

operate with a hydrodynamic converter and differential mechanism as in

Fig. 1.9 (a and b). In this scheme the pump wheel of the hydrotransformer

is rigidly connected to the axle of pump wheel block of the central

wheels. The turbine wheel of the hydrotransformer is rigidly connected

with axle of turbine wheel input carrier. The torque converter provides

an additional differential constraint in the differential gear mechanism with

two degrees of freedom, [Crocket, 1990]. It provides automatic

adaptation of the variable ratio to external loading. Disadvantages of this



mechanism are low efficiency due to the use of hydrodynamic converter, 

low speed range and low reliability at startup.

(a) (b)

Fig. 1.7 A design of stepless planetary gearbox: a) a mechanical design; b) a kinematic
scheme: 1-input sun gear; 2-input epicyclic gear; 3-input satellite; 4-input carrier; 5-
output sun gear; 6-output epicyclic gear; 7-output satellite; 8-output carrier; 9-input

shaft; 10-output shaft, 11-brake. 

Fig. 1.8 A Block diagram of planetary transmission in Fig. 1.7 with N-number
of satellites. 



For example, in case of a bevel multi-speed gearbox for automatic

gearboxes with conical gears as a speed reducer consists of 8 conical

gears as in Fig. 1.10. Two of them are horizontal and 6 pinions

are located vertically with horizontal axeles. Each pairs of pinions are

locked together. But in this mechanism design in order to obtain any speed

ratios it is necessary to change value of pinion or horizontal gear,

[Yaghoubi and Mohtasebi, 2010]. 

(a) (b)

Fig. 1.9 A scheme of a differential transmission: a) a mechanical design; b) a
kinematic scheme; H1-input carrir; H2-output carrier; 1-input sun gear; 2-input

satellite; 3- epicyclic     input gear, 4-output sun gear; 5-output satellite; 6-output
epicyclic gear; 7-housing.



Fig. 1.10 A Bevel Multi-Speed Gearbox for Automatic Gearboxes,  
[Yaghoubi and Mohtasebi, 2010]. 

Fig. 1.11 The front and isometric view of a cam-based transmission, [Derek and

Dennis, 2006]. 



Fig. 1.12 A Block diagram of cam-based infinitely variable transmission in Fig. 1.11 
with N- number of satellites. 

Alternatively cam-based infinitely variable transmission can be used for

continuously variable transmission, which can also achieve any

transmission ratio as in examples in Fig. 1.11. This mechanism consists of

two main parts, namely a cam mechanism and a planetary gear set. Cam-

based CVT (continuously variable mechanism) is more complex than

others, [Derek and Dennis, 2006]. A Block diagram of this cam-based

infinitely variable transmission is shown in Fig. 1.12. 

Synthesis and analysis of planetary transmission without carrier has

been proposed in [Volkov, et al., 2014]. The problem of formalized

structural synthesis of planetary gears without carrier has been solved. 

The structures of new gears without carrier have been proposed. These

structures have two layers of satellites. The algorithms of geometrical

synthesis of the gears have been considered. The problems of power





Fig. 1.15 A Block diagram of planetary transmission without carrier in
Fig. 1.13-1.14: N-number of satellites. 

An high efficiency planetary gear box has been presented by prof. A. 

Kubo in [Kubo, 2014]. It has a power transmitting efficiency 0.996. The

mechanism is presented in Fig. 1.16. This gear box is one stage planetary

gearing. It consists of a sun gear, an input carrier, an output  carrier,  

satellites,  a  ring  gear and  a  flex support. Approximately weight of

the mechanism weight of the mechanism of 159 kg. Module of the gear is

3. All gears are helical gears with angle of 30 deg. In this mechanism all

gears are made from pyrowear 53. This gear mechanism has been

designed to apply for turbo fan engines. A kinematic scheme of an a high

efficiency planetary gear box is shown in Fig. 1.17. 



Fig. 1.16 A high efficiency gear box, [Kubo, 2014]. 

Fig. 1.17 A kinematic scheme of an high efficiency gear box in Fig. 1.16 with 1-sun
gear; 2- input crrier; 3-satellite; 4-ring gear; 5- output carrier; 6- input shaft.

A differential gear box usable in renewable energy system has been

presented and analyzed in [Saulescu, et al., 2012]. It has been proposed as





So far, the counter-rotating systems have been proposed mainly

for marine propulsion and aircraft as pointed out in [Sinereich, 2008]. 

The transmission in Fig. 1.20 is used in power transmission from a drive

shaft to propellers. The motion from the motor is transmitted through the

two rows of paddles for propulsion. The running values of transmission

speeds and torques depend on the mechanical characteristics of the engine

and propellers, and, also on the internal gear ratio of the planetary gear set. 

Fig. 1.20 A planetary transmission used to propel boats, [Sinereich, 2008] with 1- sun
gear; 2- satellite; 3- internal gear and propeller; H- carrier. 

In another example a planetary gear transmission with two inputs and

one output has been  used for increasing speed   in wind  turbines  

as pointed out in [H 2013].  Several examples of  planetary  

gear set can be  considered as future  transmissions in wind turbines. 

Fig. 1.21 A kinematic scheme of a wind turbine drive train, [H ] with PR-
power of rotor; PEM and PEG power of motor/generator; PR- power of generator.



Fig. 1.21 shows one of the proposed examples of future wind turbine

transmissions. Two normal gear stages are exchanged from a plus-

planetary gear set which has a high gear ratio, when one of ring gear is

fixed. This fixed ring gear of the plus-planetary gear set is connected to

the motor PEM and works as a motor for rotor speed lower than 1550

rpm and as a generator between 1550 till 1650 rpm. This mechanism

has an efficiency of 0.89. 

Besides above mentioned planetary gear transmissions, the

hydrostatic mechanical power split transmissions have been developed

and presented in literatures. For example, a VSP (variable stepped planet)

as a CVT solution for locomotives has been presented in [Ait ler, 

2010]. The VSP transmission concept is working on the principle of

hydrostatic mechanical power-split with pure hydrostatic drive at low

speeds and two power-split gears. Gear shifting within the CVT module

is done by overlapping shifting at synchronous rotation speeds. 

Overlapping shifting means, that two clutches are engaged

simultaneously at synchronous speeds. So there is no torque interruption

during the shifting process. There can be used dog clutches as well as

friction clutches as shifting elements. For covering the required speed

ranges in both directions, there are also considered a forward reverse

gear set and a high/low range gear at transmission output. Shifting

forward and reverse and high/ low is done by dog clutches with

torque interruption and electronic synchronization of rotation speeds. 

transmission input shaft. So full braking power can be provided from

maximum speed down to standstill. The key component of the VSP

transmission is a double planetary set with stepped planets. The

mechanical component arrangement of proposed transmission is shown in

the example of Fig. 1.22. Sun gear 1 is connected to the transmission input





developed face-gear drives are shown in Figs. 1.24, 1.25, and 1.26.  

The research program covers basic ideas of the design of the proposed

gear drives. Fig. 1.24 shows a planetary face-gear drive formed by coaxial

face-gears 1 and 4, and two rigidly connected helical gears 2 and 3,

mounted on the carrier. 

Fig. 1.23 A kinematic scheme of a VSP planetary gear set  
in Fig. 1.22, [Aitz r, 2010]. 

A crossing angle is formed by axes of face-gears 1 and 2 that differs

from The gear drive shown in Fig. 1.25 is formed by: (i) coaxial

face gears 1 and 3, and (ii) carrier cat which are mounted Np planets

2i, i = Np. Spu r or helical gears may be utilized. Extended

axial dimensions of planets 2i are required for simultaneous meshing of

face-gears 1 and 3. Each planet is rotated independently with respect to





Fig. 1.26 An angular transmission with torque splitting, [Litvin et al., 2004]. 

Some problems of mechanical transmissions can be solved with special

effects by developing new types of transmissions based on planetary

precessional transmissions with multiple gear, that have been developed

in [Bostan, 2012]. Depending on the structural diagram, precessional

transmissions can be divided into two main types K-H-V and 2K-H

(according to Kudreavtzev classi cation), from which a w ide range of

design solutions with wide kinematical and functional options that operate

in multiplier regime come out, [Bostan, 2012].  

Kinematical structure of precessional transmission K-H-V in Fig. 1.27

(a) has four components such as a carrier H, satellite g, central wheel b and

the casing (framework). The satellite g and central wheel b are under

internal gearing, and their teeth generators cross in a point called the centre

of precession. The satellite g is mounted on the planet carrier H, designed

as a reclined crank, which axis forms with the axis of the central wheel a

certain angle . The reclined crank H, spinning, forwards a sphere-spatial

motion to the satellite gear in relation to the ball joint installed in the centre  



(a)                                                               (b)

Fig. 1.27 A planetary precessional transmission K-H-V , [Bostan, 2012]: a) a kinematic
scheme; b) a manufactured prototype.

of precession. A prototype which has been manufactured based on scheme

in Fig. 1.27 (a) is presented in Fig. 1.27 (b). Main advantages of planetary

precessional transmissions K-H-V may be in a wide range of speed

reduction i = and in special structures i However, 

development of mechanical transmission with gear, different from the

classical one, requires complex research in various elds. This nding

refers to planetary precessional transmission with multicouple gear, 

which is characterized by essential constructive-kinematical features. In

solving complex problems related to gear synthesis, pro le research and

fabrication. CVT as a power split electric driven continuously variable

transmission can be used in a wind energy conversion system as proposed

in [Rossi et al., 2009]. This mechanism has been designed based on a

CVT. The proposed in [Rossi et al., 2009] power split transmission

for WECS, called W-CVT, allows to control the speed of the turbine

rotor by keeping constant the speed of the electric generator. 



Fig. 1.28 A wind energy conversion system, [Rossi et al., 2009 ] with LS- low speed
shat; HS- high speed shaft.

Fig. 1.29 A kinematic sceme of a wind energy conversion system in Fig. 1.25 with LS-
low speed shat; HS- high speed shaft; 1 and 2- gears of ordinary gear box; 3- sun gear;

4-satellite; 5- internal ring gear. 

The W-CVT is constituted by a planetary gear set integrated with a small

size electric machine. This device is installed between the step-up

gearbox and a fixed speed fixed frequency electric generator. The

limitation of the transmissible torque between the rotor and generator







Fig. 1.32 A kinematic scheme of a new power transmission system for dual rotor
wind turbines in Fig. 1.31, [Kim, 2014]: PR- right planet gear; PL- left planet gear; SR-

right sun gear; SL- left sun gear. 

All the above transmissions in Figs 1.7 to 1.32 have main advantage in

the possibility to change gear ratio to adapt to a load change. The attached

problem can be summarized in a design search for a system with gear box

solution with capability of adapting the operation to load change by

preserving efficiency and input-output ratio. The attached problem for

practical application is in the design solution, which provides a motion of

the output link with a speed that is inversely proportional to the loading of

the shaft. This feature is suitable for using the mechanism in practical

applications such as a differential planetary gear box in the transmissions of

vehicles, wind turbines, metal cutting machines. 





CHAPTER 2

A Proposal for a New Planetary Gearbox

Power transmission and speed reduction are key issues in many

different application fields. The herein proposed new planetary gear

box is a continuously variable transmission (CVT). Continuous

variable transmissions have significant practical interest when there is a

need to adjust the transmission ratio according to the externally applied

load. Several design solutions have been proposed in the literature. For

example, a face-gear train is presented in [Litvin and Fuentes, 2004] and

[Litvin et al., 2004]. Three stage micro planetary gear and the technical

characteristics are described in [Gold, 2002] and [Fang et al., 2010]. Cam-

based infinitely variable transmission are proposed for example in [Lahr

and Hong, 2006]. Planetary gears can be designed as a continuously

variable transmission as proposed for example in [Harries, 1991]. This

mechanism can change the gear ratio depending on the load by having

two degrees of freedom and eventually by using a brake, [Harries, 

1991]. A mechanism with a planetary gear set and a torque converter is

designed as a continuously variable transmission in [Crockett, 1990], [Li

et al., 2009] and [Pengfei and Wang, 2011]. This mechanism has two

degrees of freedom and uses an external torque to start the movement. 

The efficiency of gear trains depends on many factors such as the type and

profile of gears, the contact stresses, the number and type of bearings and

friction elements. These factors have been studied in [Kowalczyk and

Urbanek, 2003], [Fetvaci, 2010], [Litvin, 1997], [Muni and

Muthuveerappan, 2009], [Coyle and Byrne, 1995], [Geremia and et al.,

2004], [Jun and Yong, 2011] and [Thirumurugan and Muthuveerappan, 

2011]. Planetary gear transmissions are commonly used in applications



where a large speed reduction is required as pointed out in [Patel, 2009], 

[Martikka, 2012], [Peide et al., 2011] and [Kahraman and Ding, 2010]. 

Several design solutions have been proposed in the literature, like for

example in [Derek and Dennis, 2006], [Yaghoubi and Mohtasebi, 2010], 

[Carbone et al., 2007], [Gasbaoui and Nasri 2012], [Koganezawa ang

Ishizuka, 2008], [Yin et al., 2010] et al. For example a magnetic

planetary gears can be also a solutions for gearboxes, when they consist of

a sun gear, four planetary gears, and a ring gear. But each gear must have

an axially magnetized permanent magnet that is sandwiched between two

yokes made of electromagnetic soft iron. Magnetic gears have main

advantage for a low mechanical loss, but the transmission torque is usually

very low as pointed out in [Niguchi and Hirata, 2012], [Gouda et al., 

2011], [Jorgensen F. et al., 2005] and [Abdel-Khalik et al., 2010]. 

Theoretical and experimental study of pushing CVT (continuously

variable transmission) dynamics is presented in [Carbone et al., 2007]

and [Bozca, 2010], where the work is focused to design advanced CVT

systems, with improved efficiency. 

This chapter describes a design of a new planetary transmission with

two degrees of freedom. It is composed of planetary gears to achieve

a two degrees of freedom transmission. The main purpose of this new

planetary transmission with two degrees of freedom is related to the

capability at adapting the operation to variable loading conditions by

preserving efficiency and input-output load ratio. Basic principles of this

type of gear box are presented in [Ivanov, 2007, 2008, 2009 and 2012], 

[Ivanov and Balbayev, 2012] and [Ivanov et al., 2012] and this

research work gives further developments in the efficiency of planetary

transmission. The proposed design solution provides a motion of output

link with a speed that is inversely proportional to shaft loading. These



features are suitable for using the proposed design in practical applications

such as differential planetary gear box in transmissions for manipulators, 

vehicles, metal cutting tools, wind turbines and other transmission

applications needing smooth control of ratio reduction. 

2.1 A Kinematic Model of a New Planetary Gear Box

A planetary mechanism contains at least one rigid body which rotates

about its own axis and at the same time revolves about another axis. 

Points of this body will generate epicycloids or hypocycloids trajectories. 

Therefore a planetary mechanism is often called as an epicyclic or cyclic

mechanism.

A planetary mechanism can be obtained by mounting a rigid body, 

that is often referred to as a planet, on a crank pin, Fig. 2.1. The crank

is generally called the arm or carrier, [Levai, 1968]. Several modern

gear solutions have been proposed in the literature, like for example in

[Hohn, 2002], [Litvin and Fuentes, 2004], [Ivanov, 2008, 2009, 2012],

[Miyagawa and Iwatsuki, 2007], [Nilov et al., 2002], [Mundo, 2006] et al.

The proposed new planetary transmission can be considered as a CVT

(solution). It consists of a mechanical planetary gear set. In this

research work a new solution is considered for improving the efficiency

of planetary transmissions. This mechanism has two mobile planetary

gear sets of Fig. 2.2 that are assembled in an asymmetrical design,

Fig.2.3. The asymmetrical design gives special operation features. The

special operation features can be recognized in smoothly changing

reduction ratio depending on the load of output shaft. 



Fig. 2.1 A general design of planetary gear boxes with 0-main axis; 1-sun gear; 2-planet
gear; 3-epicyclic internal gear; H-carrier. 

Fig. 2.2 A simple mobile planetary gear set with 1-sun gear; 2-satellite; 3-epicyclic
internal gear; H-carrier. 

Referring to Fig.2.3 the new planetary transmission is conceived with

two degrees of freedom with a mechanism consisting of an input carrier



H1, an output carrier H2, central (sun) gears 1 and 4 which are fixed on a

shaft, satellites 2 and 5, central internal gears 3 and 6 which are fixed

together. 

(a) (b)

Fig. 2.3 A kinematic scheme for the new planetary gear box: (a) longitudinal view with
H1-input carrier, 1-input sun gear, 2-input satellite, 3-input epicyclic gear, 4-output sun

gear, 5-output satellite, 6- output epicyclic gear, H2-output carrier; (b) cross-section
view with rH-radius of carrier, r1-radius of sun gear, r2-radius of input satellite, r3-

radius of input internal   gear, r4-radius of output sun gear, r5-radius of output
satellite, r6-radius of output internal gear. 

Gears 2-3-6-5-4-1 form a closed mechanical chain with a

differential operation. Carrier H1 transfers input driving force to the

closed mechanical chain and carrier H2 transfers output resistance force. 

Motion starts at fixed output carrier with one degree of freedom. At this

time satellite 5 is output link. To transmit motion from input carrier H1 to

output carrier H2 satellite 5 must be locked and this can be obtained



thanks also to friction at gear contacts. The input carrier H1 moves gear 2

that pushes both gears 1 and 3 that transmit different forces to gears 6 and

4 correspondingly. Thus, gear 5 moves by different forces coming from

its contacts with gears 6 and 4, and therefore carrier H2 moves. In

addition this the mechanism will be able to work with two degrees of

freedom because of the possibility of activating a second degree of

freedom. 

A first degree of freedom is due to the output motion of carrier H2 and

a second degree of freedom can be activated with an output independent

motion of gear 5. Because of its functioning this mechanism can be

applied as gearbox of cars, metal cutting machines and where is

necessary smoothly to change reduction ratio of transmissions. 

This mechanism can start movement without using additional device,

when force can overcome friction on the satellites to start movement. 

This planetary transmission can change reduction ratio like CVT as

depending on an external load of output carrier. 

2.2 Characteristics of the New Planetary Gear Box

The new planetary mechanism has two degrees of freedom and contains

two mobile  links. Differential constraint between links can be provided

by means of a frictional adapting effect. The basic character of this

differential constraint refers to absence of a rigid coupling between links

that provides their relative motion and gives a variable reduction ratio. 

The proposed new mechanism contains an input structural unit with two

degrees of freedom and an output kinematic chain, Fig.2.4. The input

structural group consists of a rack 0, an input sun gear 1, and epicyclic

gear 3 wich is attached to a rack. The kinematic chain consists of a satellite  





output link and the possibility to start movement without using any

additional device. 

This mechanism can be a suitable transmission solution for a wide

class of machines like manipulators, wind turbines, tractors, vehicles, 

metal cutting tools, since it is able to adapt its operation to the variable

external load. 

2.3 A Kinematic Characterization

The proposed new planetary mechanism with two degrees of freedom

consists of an input carrier H1, an input sun gear 1, an input satellite 2, an

internal epicyclic gear 3, an output epicyclic gear 6, an output satellite 5, an

output sun gear 4 and aoutput carrier H2, Fig.2.5. Sun gears 1 and 4 are

fixed together on a shaft and also epicyclic internal gears 3 and 6 are fixed

together as one rigid body. 

A kinematic characterization of the mechanism can be expressed as

function of parameters of external torques MH1, MH2 on the carriers

and constant input angular velocity H1, Fig.2.5. The kinematic

relations among the angular velocities of the gears with 1, 2, 3, 4, 5, 6

teeth can be expressed in the form
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a point B and a reaction force RH2 is applied to a point K. A scheme for

static equilibrium for force FH1 is shown in Fig. 2.6 (a) and for the

reaction force RH2 is shown in Fig. 2.6 (b). 

(a) (b)

Fig. 2.6 A scheme for static equilibrium: a) for the input link;
b) for the output link. 

The reaction forces can be expressed in the form
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where rH1     is the radius of input carrier; rH2     is the radius of output

carrier; r1, r3 , r4-radiuses of gears; M12 and M32 are the torques

which act on the satellite 2 by reaction forces R12 and R32.; M45 and

M65     are torques which act on the satellite 5 by reaction forces R45

and R65; MH1 and MH2 are the torques on input and output carriers. 

Internal torques M12, M32, M45 and M65 can be expressed in form
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Input and output powers can be expressed in form

                                       11 HHinput MW                                          (18)                  



                               22 HHoutput MW                     (19)

Efficiency of the mechanism can be expressed in form

                                     1122 / HHHH MM                (20)

In addition we must take into account the absence of jamming of

satellites. Value of driving torque must be more than value of friction

torque, in order to get motion. This is

                                 Md > Mf                                              (21)

where Md     is the driving torque, Mf     the is friction torque. In Fig. 

2.7 is shown an example of determining absence of jamming for gear 5, 

when output carrier is fixed. 

Fig. 2.7 A free-body diagram for the equilibrium of Gear 5 with no jumming: (R65,
R45, RH2 - reaction forces; r5- radius of gear 5; r radius of axle of gear)



From the scheme in Fig. 2.7 the equilibrium is expressed by

45652 RRRH                                            (22)

rfRM Hf 2 (23)

where RH2 is the force acting on link H2, R65 is the force action from

gear 6, R45 is the force reaction from gear 4, r is the radius of the axle and

f is friction coefficient.

For gear 5 driving torque Md can be computed as

54565 )( rRRMd                                   (24)

where r5 is the radius of gear 5.

2.3.1 Numerical Examples

Numerical examples are made with an application for a wind turbine as in

Fig. 2.8. Wind turbines are devices that are designed to generate

electricity through the natural force of wind. Wind rotates wind turbine

that provides rotation to the gear box that transmits rotation to the

generator. The generator converts mechanical energy into electricity. Two

cases of numerical examples have been considered in this section with

the different values of input parameters and sizes of gears. In a first case of

numerical example all the gears have equal module of 0.5 mm. For a

first case of numerical example input parameters are given in Table 2.1. 





Table 2.1 Input parameters for a first numerical example

Parameter Value Units

Input angular velocity, H1 100 rpm

Input torque MH1 15 Nm

Output torque MH2 20 Nm

Module 0.5 mm

Radius of input sun gear, r1 20 mm

Radius of input satellite, r2 5 mm

Radius of input epicyclic internal gear, r3 30 mm

Radius of output sun gear, r4 5 mm

Radius of output satellite, r5 20 mm

Radius of output epicyclic internal gear, r6 45 mm

Radius of input carrier, rH1 25 mm

Radius of output carrier, rH2 25 mm

Below are number of teeth of gears

Sun gear, Z1 80

Input satellite, Z2 20

Input epicyclic internal gear, Z3 120

Output sun gear, Z4 20

Output satellite, Z5 80

Output epicyclic internal gear, Z6 180

The reactions forces in the kinematic pairs are computed using static

conditions by the given torques of external forces. All of the computed

output parameters of this numerical example are shown in Table 2.2. 



Table 2.2 Computed output parameters of the numerical example.

Parameter Value Units

Output angular velocity, H2 75.5 rpm

Angular velocity of input sun gear, 1 150 rpm

Angular velocity of output sun gear, 4 150 rpm

Angular velocity of input epicyclic gear, 3 66.7 rpm

Angular velocity of output epicyclic gear, 6 66.7 rpm

Reaction forces, R12 0.3 N

Reaction forces, R32 0.3 N

Reaction forces, R45 0.4 N

Reaction forces, R65 0.4 N

External input force, FH1 0.8 N

Reaction force, RH2 0.6 N

Internal torque M12 6 Nm

Internal torque M32 9 Nm

Internal torque M45 2 Nm

Internal torque M65 8 Nm

Efficiency 0.99

As can be observed the computed parameters in Table 2.2 the

mechanism works with the suitable output values of output and internal

velocities of gears, reaction forces and internal torques for using in a

wind turbine. The planetary gear transmission works with a constant output

angular speed of 75.5 rpm at a constant input angular speed of 100 rpm,

input torque of 15 Nm and output torque of 20 Nm. Sun gears rotate

with the equal angular speeds of 150 rpm and epicyclic internal gears

also rotate with equal speeds of 66.7 rpm. This numerical example

shows that the computed efficiency of a gear transmission is 0.99. 

This is because the numerical example has been made without friction



at gear teeth contacts as an ideal mechanism. Computed parameters in

Table 2.2 give a possibility to use this mechanism in a wind turbine

installation. 

Second numerical example has been done with the different parameters

from the first case. This numerical example has been mode in order to

check feasibility of a new planetary gear transmission with different

input parameters. In this case of numerical example gears have module

of 1 mm. An input angular velocity, input torque and output torque hava

been increased up to 500 rpm, 35 Nm and 40 Nm correspondingly. For

a second case of numerical example input parameters are given in Table

2.3.

Table 2.3 Input parameters for a second numerical example. 

Parameter Value Units

Input angular velocity, H1 500 rpm

Input torque MH1 35 Nm

Output torque MH2 40 Nm

Module 1 mm

Radius of input sun gear, r1 30 mm

Radius of input satellite, r2 10 mm

Radius of input epicyclic internal gear, r3 50 mm

Radius of output sun gear, r4 5 mm

Radius of output satellite, r5 22 mm

Radius of output epicyclic internal gear, r6 49 mm

Radius of input carrier, rH1 40 mm

Radius of output carrier, rH2 27 mm

Below are number of teeth of gears

Sun gear, Z1 60

Input satellite, Z2 20

Input epicyclic internal gear, Z3 100



Output sun gear, Z4 10

Output satellite, Z5 44

Output epicyclic internal gear, Z6 98

Assuming H1=500 rpm; MH1 = 35 Nm; MH2 = 40 Nm, the

output and intermediate angular velocities and internal forces are

computed with the proposed model through Eqs (1) to (20) as shown in

the first case of numerical example. All of the computed parameters of

numerical example are listed below in Table 2.4.

Table 2.4. Computed parameters of the second numerical example. 

Parameter Value Units

Output angular velocity, H2 437.5 rpm

Angular velocity of input sun gear, 1 638 rpm

Angular velocity of output sun gear, 4 638 rpm

Angular velocity of input epicyclic gear, 3 417 rpm

Angular velocity of output epicyclic gear, 6 417 rpm

Reaction forces, R12 0.87 N

Reaction forces, R32 0.87 N

Reaction forces, R45 1.48 N

Reaction forces, R65 1.48 N

External input force, FH1 2.59 N

Reaction force, RH2 2.96 N

Internal torque M12 13.0 Nm

Internal torque M32 21.8 Nm

Internal torque M45 3.70 Nm

Internal torque M65 36.2 Nm

Efficiency 0.99

Results of the second numerical example in Table 2.4 show that the



mechanism has constant output parameters at constant input angular

speed. The planetary gear transmission works with a constant output

angular speed of 437.5 rpm at a constant input angular speed of 500 rpm,

input torque of 35 Nm and output torque of 40 Nm. The input and output

sun gears rotate with the same angular speed of 638 rpm. The input and

output epicyclic internal gears also rotate with the same angular speeds

of 417 rpm. This is because the input and output sun gears also input and

output epicyclic internal gears are fixed together as one rigid body. In

this case of numerical example the efficiency has been calculated

without any friction at gear teeth contacts. At constant power input the

planetary gear box is able to provide variable speed of the output shaft. The

main purpose of the planetary gear transmission is on the capability to

adapt the operation to variable loading. Designed adaptation provides a

motion of output link with a speed that is inversely proportional a

loading of the link. This enables to use the differential planetary gear box

in the transmissions of wind turbine installations and in transmissions

where it is necessary smooth change of gear ratio.

2.4 A CAD Model of a New Planetary Gear Box

The  proposed  differential  planetary  gear  box  consists of a  mechanical

planetary gear set  without additional devices such as torque converters

or electronic parts. General design characteristics have been selected for

practical applications of the transmission, like for example, in wind

turbine installations, Fig. 2.9. A wind turbine installation can be

identified by referring to a small wind turbine of 5 kW power and with

average wind speeds of 15-20 m/s, Fig. 2.10. 

A wind turbine is a device that converts kinetic energy from the









Fig. 2.13 An output link of a new planetary gear box. 

Fig. 2.13 shows a CAD design of an output link with the following main

components: 1-output sun gear; 2-output satellite; 3-output epicyclic

internal gear; 4-output carrier; 5-axis; 6-bearing. Fig. 2.14 shows a design

of the sun gears which are fixed together on a shaft. Fig. 2.15 shows

input and output epicyclic internal gears which are fixed together on a

wheel.

Fig. 2.14 A CAD design of the input and output sun gears on a shaft: 1-input
sun gear; 2-output sun gear; 3-shaft; 4-kye



Fig. 2.15 A CAD design of the input and output epicyclic gears: a) cross-section view:
1-input epicyclic internal gear; 2-output epicyclic internal gear; 3-wheel;  

b) general view. 

Fig. 2.16 shows a scheme for assembly of planetary gear box with the

following main components as an input carrier, input satellite, spindles of

input and satellites, input and output epicyclic internal gears, gearshift

(output sun gear), input sun gear; output carrier, bearings of support,

bearings of epicyclic internal gears and bearings of input and output

carriers. 

Fig. 2.16 A scheme for assembly of a planetary gear box: 1- output carrier; 2- bearing;
3- output satellite; 4- axis of output satellite; 5- bearing of gear shaft; 6- bearing of

epicyclic internal gears; 7- output sun gear (gear shaft); 8- input sun gear; 9- wheel; 10-
input satellite; 11- axis of input satellite; 12- input carrier. 



2.4.1 A Mechanical Design of a New Planetary Gear Box

A mechanical design of a new planetary gear transmission with

planetary gear set has been worked out in Solid Works software. Fig. 2.17

shows a full mechanical design with a housing and cover of planetary gear

transmission with the following main components such as an input carrier, 

bearings, housing, shaft with output sun gear, output satellite, input and

output epicyclic internal gears, input satellite, cover, input sun gear, 

output carrier, axis of satellites, supports with frame and other standard

fastenings. 

All the geometrical parameters have been defined within the CAD

model as referring to an application for small wind turbine installation. The

main dimensions can be as equal to a maximum high D (in Fig. 2.17 a) of

180 mm, a maximum longitudinal size L (in Fig. 2.17 a) of 110 mm and

maximum width W (Fig. 2.17 b) of 150 mm. The input and output shafts

have a diameters of 32 mm and 30 mm, respectively. The overall weight

is 9 kg without lubrication element. In order to decrease a friction at

gear teeth contacts it is necessary to use a gear lubricant. The most

common current gear lube such as 75W90 GL5 can be used for this

planetary gear transmission. All the gears are made from steel 40Cr. The

pressure angle of gears is 20 degrees. Another parts such as carriers, 

axis, wheel, housing, cover and frame are made from steel C45. The

mechanism has also standard fastening components such as bolts, 

nuts, screws and bearings. All the geometrical parameters of gears of

the planetary gear transmission are listed in Table 2.5. 



(a ) (b )
Fig. 2.17 A mechanical design of a new planetary gear box with design sizes: a) cross-
section view: 1-output carrier; 2-bearing; 3-housing; 4- shaft with output sun gear; 5-

output satellite; 6-epicyclic internal gears; 7-input satellite; 8-bearing; 9-sun gear;
10-input carrier; b) longitudinal view. 

Table 2.5 The geometrical characteristics of gears of a new planetary gear
box. 

Gear

Number

of teeth

Nominal shaft

diameter

(mm)

Hub

style

Overall

length

(mm)

Quantity

Input sun gear 60 9 No hub 12 1

Input satellite 20 7 One side 23 2

Input epicyclic

internal gear 100 - No hub 12 1

Output sun gear 10 9 No hub 12 1

Output satellite 44 8 One side 14 2

Output epicyclic

internal gear 98 - No hub 12 1

2.5 Lubrication

Selecting the proper gear box lubricant is important to the long-term

efficient operation of the gear drive. There are many factors to consider



when selecting an industrial gear lubricant for a particular application, 

[Machinery Lubrication, 2013]. These factors are summarized in Table

2.6.

In addition to considering these factors, the gear lubricant selected

for a particular application should match the recommendations of the

original equipment manufacturer (OEM). These lubrication specifications

can be found inscribed either on the industrial gear drive nameplate or

in the published specifications found in the operator s manual. These

lubrication specifications are designed to balance the lubrication needs

of the bearings, which generally require a light-viscosity lubricant. The

specifications are also designed to balance the lubrication needs of the

gears, which usually require the use of a medium- to high-viscosity

lubricant. This balance can be achieved only through proper viscosity

selection, [Machinery Lubrication, 2013]. 

Viscosity is the most important property of any lubricating oil. 

Viscosity provides the proper thickness of the oil film at the operating

temperature and conditions to keep the mating surfaces of the gears

and bearings apart during hydrodynamic lubrication conditions. It also

allows for the proper flow of the lubricant to carry frictional heat away

from the stress points along with any wear debris or contaminants present. 

In addition, the viscosity of the industrial gear lubricant selected is

important to the overall load-carrying ability of the gear lubricant. The

higher the viscosity, the higher the load-carrying contribution to the

industrial gear lubricant. However, care must be taken in selecting the

proper viscosity for an industrial gear application. The use of too heavy of

a viscosity can result in excessive heat generated, excessive power losses, 

decreased gearbox efficiency and improper oil flow. 



Table 2.6 Factors affecting selection of industrial gear lubricants. 

The optimum selection will take into consideration ambient temperatures, 

the operating temperatures, drive loads and operating speeds that are most

desirable in keeping wear rates at a minimum. The four types of gear

lubricants that could be used in the lubrication of industrial gear drives

include rust and oxidation (R&O) inhibited oils, extreme pressure (EP) gear

oils, compounded gear oils, and synthetic gear oils, [Machinery

Lubrication, 2013]. 

Rust and Oxidation Inhibited Gear Oils. 

Rust and oxidation inhibited gear lubricants can perform well over a wide

range of gear sizes and speeds and ambient temperatures ranging from -5 F



to F (- to C). R&O inhibited oils are commonly used to

lubricate high-speed single helical, herringbone reduction gear sets that

have pitchline velocities greater than 17.5 meters/second and are subjected

to light to moderate loads. They are also used in the lubrication of spur, 

straight bevel and spiral bevel gear drives that are subjected to light

loads. R&O inhibited industrial gear lubricants are ideal for lubricating

bearings if both the gears and bearings are lubricated from the same

system. Constant relubrication by the use of either splash lubrication or

circulation lubrication systems of the gear teeth is preferred because R&O

inhibited industrial gear oils do not adhere to the surface of the gear

teeth. They can be used effectively to cool the gear mesh and flush the

tooth surfaces of wear particles or debris. 

Extreme Pressure Gear Oils. 

EP gear lubricants are recommended for use with spur, straight bevel,

spiral bevel, helical, herringbone and hypoid-type gear drives that are

subjected to high loading conditions, moderate to high sliding

conditions and high-transmitted power conditions. Because some types of

EP gear lubricants contain chemically active additives systems, care must

be taken if they are used in systems where the gears and bearings are

lubricated from the same system or if they are used in heavily loaded

worm gear drives. EP gear lubricants can contain active chemistries

that are corrosive to brass or bronze components. When used in these

applications, the lubricant supplier should be contacted to determine if the

EP gear lubricant can be used in such applications. EP gear lubricants that

utilize nonactive sulfur chemistries or borate chemistries that are

noncorrosive to yellow metal components are available. Some EP gear

lubricants will also contain solid lubricants such as graphite or

molybdenum disulfide that are held in a suspension. These solid lubricants



are formulated into the industrial gear lubricant to further improve the

gear lubricant load-carrying capabilities. When EP gear lubricants that

contain solid lubricants are used, care must be taken if fine filtration is

used. Extremely fine filtration can remove solid lubricants. Ideally, if an

EP gear lubricant containing solid lubricants is going to be used, the solid

lubricants should be collodially suspended and have a particle size no

greater than 0.5 microns. 

EP gear lubricants should never be used in industrial gear drives

that use internal backstops, such as those found on conveyor belts, or in

the lubrication of cooling tower gear drives that employ ratchets. The EP

chemistry will not allow the clutch or sprag mechanisms to properly

engage, resulting in the mechanism slipping. This can cause serious

safety hazards, such as a conveyor belt continuing to turn or slip

after the enclosed industrial gear drive is shut off. These industrial gear

lubricants perform well over a range of gear sizes and speeds and

ambient temperatures ranging from - F F (- to C). 

Constant relubrication by the use of either splash lubrication or circulation

lubrication systems of the gear teeth is preferred because EP industrial

gear oils do not adhere to the surface of the gear teeth. They can be used

effectively to cool the gear mesh and flush the tooth surfaces of wear

particles or debris. 

Finally, the use of EP gear lubricants cannot compensate for design

or mechanical inadequacies, where an enclosed industrial gear drive is

used in a poorly designed application or where the enclosed industrial

gear drive is at or near its useful life. The use of EP gear lubricants under

these conditions will postpone the final failure of the enclosed gear drive

only for a brief time.

Compounded Gear Oils





temperatures

Improves efficiency due to reduced tooth-related friction losses

(low traction coefficients)

Lower gearing losses due to reduced frictional losses (low traction

coefficients)

Reduced operating temperatures especially under fully loaded

conditions

Reduced energy consumption. 

Table 2.7 Industrial Gear Lubricants Used with Different Gears,
[Machinery Lubrication, 2013]. 

Lubricant Spur Helical Worm Bevel Hypoid

Rust and
oxidation
inhibited

Normal
loads

Normal loads Light loads
and slow
speed only

Normal loads Not
recomended

EP gear
lube

Heavy
or shock
loading

Heavy or
shock loading

Satisfactory
for use in

most
applications

Heavy or
shock loading

Required or
specified
for most
applications

Compoun
ded

Not
normally

used

Not
normally

used

Preferred for
use by most

OEMs

Not normally
used

For lightly
loaded

applications
Synthetic
s shock
loading

Heavy or
shock

loading

Heavy or use
by most
OEMs,

especially at
operating

temperatures
exceeding 82 C

Preferred for
shock

loading

Heavy or most
contain
extreme
pressure
additives

Gear
lubricant

Lubricant Spur Helical Worm Bevel Hypoid

Rust and
oxidation
inhibited

Normal
loads

Normal loads Light loads
and slow
speed only

Normal loads Not
recomended

EP gear
lube

Heavy
or shock
loading

Heavy or
shock

loading

Satisfactory
for use in

most
applications

Heavy or
shock loading

Required or
specified for

most
applications

Compoun
ded

Not
normally

Not
normally

Preferred for
use by most

Not normally
used

For lightly
loaded



Though more than one type of enclosed industrial gear lubricant can

be used in the lubrication of enclosed gear boxes, careful analysis of all

the factors outlined in Table 2.6 should be used when selecting an

industrial gear lubricant for a particular application. Table 2.7 presents a

guide for selecting an enclosed gear lubricant for various gear types.

Synthetics can be selected as a lubricant for the proposed planetary gear

transmission.

Fig. 2.18 Splash lubrication method of a gear system.

Splash lubrication can be is used as a lubrication method for the

proposed planetary gear transmission, where the gears inside the housing

are on various levels, rendering the bath method as useless. Splash

lubrication is common in most geared motor style speed reducers due to

their relatively small free area inside the housing relative to the oil

volume, Fig. 2.18. Simple and inexpensive and usually effective in

smaller gearboxes with higher peripheral speeds on the gearing to generate

the oil mist.
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CHAPTER 3

Dynamic Analysis and Simulation of the Proposed Design

Several dynamic analysis and simulation solutions have been proposed in

the literature. For example, analysis and simulation of a torque assist

automated manual transmission are presented in [Galvagno et al., 2011]. 

Modeling and simulation of a power-split gear hybrid drive-train and 3-D

geometric simulation are described in [Tara and Filizadeh, 2010] [Li and

Dong, 2011], and [Smirnov, 2008]. Modeling and dynamic simulation of a

virtual prototype for applying automobile differential into hybrid

electric vehicle as power-slit device are proposed for example in

[Xiao-hua et al, 2010]. Design and simulation of a new bevel multi-

speed gearbox for automatic gearboxes are presented for example in

[Yaghoubi and Mohtasebi, 2010].. Design and analysis of a novel multi-

mode transmission using a single electric machine are presented in [Zhu et

al., 2011]. 

The herein proposed differential planetary gear set consists of a

mechanical planetary gear set without additional devices such as torque

converters or electronic parts. General design characteristics have been

selected for the practical applications of the transmission, for

example, to wind mills. A wind turbine installation can be identified, for

example, by referring to a small wind turbine of 3-5 kW power.

The new planetary gear box is conceived with two degrees of

freedom with a mechanism consisting of an input carrier H1, an output

carrier H2, central (sun) gears 1 and 4, which are fixed on a shaft,

satellites 2and 5, central internal gears 3 and 6, which are fixed together, 

Fig. 2.3. Main characteristics of the proposed design can be recognized in

two input mobile links, two degrees of freedom, stepless operations, 



smoothly and automatically changing reduction ratio depending on the load

of the output link.

This chapter describes the design of a proposed planetary gear

transmission. It is composed of planetary gears to achieve a two degrees

of freedom transmission. The main purpose of this new planetary gear

transmission is its capability to adapt its operation to variable loading by

preserving efficiency and input-output load ratio. The proposed design

solution provides a motion of the output link with a speed that is

inversely proportional to the loading of the shaft. These features are

suitable for using the proposed design in practical applications such as

a differential planetary gear box in the transmissions of vehicles, 

metal cutting tools, wind mills and other transmission applications

needing smooth control of the transmission ratio. A proper dynamic

model has been developed within MSC ADAMS software to provide

information on the feasibility of the proposed design solution. 

Simulation tests have been carried out and preliminarily discussed for

validating the proposed design. Simulation tests have been carried out for

preliminary and final models of the proposed transmission.

3.1 Simulations for Preliminary Design

3.1.1 MSC. ADAMS Model

In order to check the feasibility of the design a dynamic simulation of the

planetary gear box has been carried out by using MSC ADAMS software. 

Simulation results in terms of torque, contact force, angular speed and

acceleration are reported and analyzed. Furthermore, with the

simulation results, dynamical motion feasibility of the planetary

gear transmissionis investigated. A CAD model of the planetary gear

transmission has been built in SolidWorks. Detailed structure of the



mechanism has been described in chapter 2. In this section of chapter

3 a preliminary model has been considered. Before making simulations, 

it is necessary to build a simulation model. A general procedure for

building the simulation model can be outlined as listed below:

To simplify the original virtual prototype by taking into account

relative motions between different parts;

To save the simplified model in a format that can be imported into

MSC ADAMS;

To import the model into MSC ADAMS; To identify materials to

parts;

To specify kinematic joints between the parts and eliminate

any redundant constraint equations;

To add contact, joint frictions and motions to the model. 

A CAD model of the planetary gear transmission has more than 50

parts including standard parts such as bearings. In order to avoid time-

consuming for simulation it is necessary to simplified the CAD model. 

The purpose of simplifying the model is to reduce the work of building

a simulation model. Simplification has been made in such a way: if there

are no relative motions between a set of parts, this set of parts are

simplified into a single part. The simplified model imports in to ADAMS. 

Materials, revolute joints and cylindrical joints have been specified. 

Then contacts between each gears have been specified. In addition, an

input velocity and output torque have been specified. An input velocity (as

an angular speed of motor) has been applied to the input shaft and output

torque is considered as applied to the output shaft of planetary

transmission. The MSC ADAMS preliminary model of the proposed

planetary gear box is presented in Fig. 3.1.



Fig. 3.1 The ADAMS model of the preliminary design with reference

frames and applied loads. 

A zoomed view for the gearing system is presented in Fig. 3.2. In this

model, the number of teeth of gears have been considered with values

that are listed in Table 3.1. The direction of gravity is assumed along

the Y axis. 

Fig. 3.2 The ADAMS model of the preliminary design in a zoomed view for the gearing
system in Fig. 3.1: (Z1-input sun gear; Z2-input satellite; Z3-input internal epicyclic

gear; Z4-output sun gear; Z5-output satellite; Z6- output internal epicyclic gear). 



Table 3.1 Number of teeth for gears in Fig.3.2. 

Gear Number of teeth

Input sun gear,Z1 20

Input satellite, Z2 78

Input ring gear, Z3 178

Output sun gear, Z4 20

Output satellite, Z5 80

Output ring gear, Z6 180

Modul 0.5

3.1.2 Simulation Modes

Input values such as angular velocity, input and output torque, 

stiffness, dumping coefficients, and friction forces have been defined

accordingly as listed in Table 3.2. Input angular velocity and torque

have been set as a constant values of 100 rpm and 15 Nm. All gears are

spur gears with module 0,5 mm. Friction coefficient of gears has been set

as equal to 0.2 by referring to a contact of steep surfaces. Table 3.2

summarizes main other parameters that have been assumed by referring to

feasible values for a real case of study considering material, penetration

depth and force exponent. After setting the above-mentioned parameters

significant attention has been addressed in properly modeling all the

constraints and joints in order to achieve a reliable operation of the

proposed model as in a feasible mechanical design.

Several cases of study have been computed in order to investigate the

dynamic behavior of the proposed transmission. In particular, preliminary

tests have been carried out by considering a constant input speed as 100

rpm and torque as 15 Nm and constant output torque of 14 Nm. The

output torque is prescribed by the alternative suitable operation then, 







3.1.3 Simulation Results

As presented in the previous chapters, the planetary gear

transmission is designed with a capability to adapt to externally applied

variable load to the output shaft by smoothly changing reduction ratio. 

In this section, dynamic simulations are carried out with the aim to

evaluate the feasibility of the design. 

Examples of the results that have been obtained are reported in the plots

of Figs. 3.5 to 3.13. Angular velocities of the input and output epicyclic

internal ring gears are presented in Fig. 3.5. The epicyclic internal

gears rotate with the same speed approximately of 108 rpm. Fig. 3.6

shows the plots of the computed angular velocities of the sun gears. The

input and output sun gears rotate with same speeds. Angular velocities of

the input and output planet gears are presented in Fig. 3.7. Angular

velocity of the input planet gear approximately is 250 rpm. Angular

velocity of the output planet gear approximately is 125 rpm. Fig. 3.8

shows the plots of the computed torques of the epicyclic internal gears. 

Torque reaches 32 Nm at 2.5 second, after this time the system works

properly with approximately value of 29 Nm. Fig. 3.9 shows the plot

of the computed torques of the sun gears and torque value approximately is

75 Nm.

Computed results of contact forces between gears are presented in Figs. 

3.10 to 3.13. In Figs. 3.10 to 3.13 contact forces are plotted as during

the simulated motion for a full rotation of the output shaft. Fig. 3.10

shows the plots of the computed contact forces between input satellites

and input sun gear, which is related to Fig. 3.3 (a), (marked as number

1). Considering the curve in Fig. 3.10, the approximately highest contact

force of 15 N appeares at 7.7 second. Computed results of contact forces of



the input planet gears and input internal ring gear are presented in Fig. 

3.11, which is related to Fig. 3.3 (a), (marked as number 2). The

highest contact force of 15 N appears at 2.2 second and contact force

of 7.5 N is computed at 3.2 second. Fig. 3.12 shows the plot of the

computed contact forces between output satellites and output sun gear, 

which is related to Fig. 3.3 (b), (marked as number 3). In Fig. 3.11, the

approximately highest contact force of 12 N appears at 3.2 second. 

Computed results of contact forces of the output planet gears and

output internal ring gear are presented in Fig. 3.13, which is related to Fig. 

3.3 (b), (marked as number 4). In this plot the highest contact forces

appears at 2.8 second then torque decreases. This suddenly change of

contact forces can be thought as due mainly to friction at gear teeth

contacts and variable applied load to the output shaft. The values of

contact forces increase by increasing the values of the external loads on

the output shaft. The peaks in Figs 3.10-3.13 can be thought due to the

rapid variation of load. 

Fig. 3.5 Computed plot of the angular speed of the input and output ring gears. 



Fig. 3.6 Computed plot of the angular speed of the sun gears. 

Fig. 3.7 Computed plot of the angular speed of the input (continuous line) and output
(dot line) planet gears. 

Fig. 3.8 Computed plot of the torque of the internal gears. 



Fig. 3.9 Computed plot of the torque of the sun gears. 

Fig. 3.10 Computed plot of the contact forces between input planet gears and
sun gear in Fig. 3.3 (a). 

Fig. 3.11 Computed plot of the contact forces between input planet gears and
input internal ring gear in Fig. 3.3 (a). 



Fig. 3.12 Computed plot of the contact forces between output planet gears and sun gear
in Fig. 3.3 (b). 

As can be observed in simulations of preliminary MSC ADAMS

model the results show that the proposed planetary gear transmission has

constant output values both in terms of speed and torque. The simulation

results also show that the proposed gear transmission smoothly changes

the reduction ratio at constant input speed. The highest values of contact

forces between gears appear when the system has a rapid variation of

loads. 

Fig. 3.13 Computed plot of the contact forces between output planet gears and output
internal ring gear in Fig. 3.3 (b). 



3.2 Simulations for final Design

3.2.1 MSC. ADAMS Model

Final virtual design of the proposed planetary gear transmission with 2-

DOFs has also been done in MSC ADAMS software. As a preliminary

model it has been exported from SolidWorks software into MSC

ADAMS. A final model of the planetary gear transmission has more

than 60 parts including standard parts. The CAD model has been

simplified in order to avoid time-consuming for simulation.   

Fig. 3.14 The ADAMS model of the final design with reference frames

and applied loads. 



Simplification has been described like in previous preliminary model. The

simplified model has been imported into ADAMS w i t h specified

materials, revolute joints, cylindrical joints and contacts between each

gears. An input angular velocity and output torque have been specified.  

The constant speed of motor with value of 400 rpm has been applied to

the input carrier. An external torque with a constant value of 45 Nm has

been applied to the output shaft of planetary transmission. Final design of

planetary gear transmission is shown in Fig. 3.14. The direction of gravity

is assumed along the Y axis. 

The main dimensions can be as equal to a maximum high D (in Fig.2.18

a) of 145 mm, a maximum longitudinal size L (in Fig.2.18 a) of 200

mm and maximum width W (Fig.2.18 b) of 150 mm. The pressure angle

of teeth of gears is 20 degrees. 

Fig. 3.15 Main characteristics of materials fot the gears in planetary transmission. 

All gears are made from steel Cr40 and carriers, spindles, shafts are

made from steel C45, except standard parts such as bearings, washers, 

nuts, bolts and screws. Fig. 3.15 shows the characteristics of materials

such as density, calculated mass and volume for the parts (for example sun



gear) in planetary gear transmission. The gears have been made with

module of 1 mm. The output and input shafts have same diameters of 14

mm. The number of teeth of gears have been selected as listed in Table

3.3. A zoomed view for the gearing system is presented in Fig. 3.16. 

Table 3.3 Number of teeth for gears in Fig. 3.16 . 

Gear Number of teeth

Input sun gear,Z1 60

Input satellite, Z2 20

Input ring gear, Z3 100

Output sun gear, Z4 12

Output satellite, Z5 44

Output ring gear, Z6 100

Modul 1.0

Fig. 3.16. The ADAMS model of the preliminary design in a zoomed view for the
gearing system in Fig. 3.14: (Z1-input sun gear; Z2-input satellite; Z3-input internal

epicyclic gear; Z4-output sun gear; Z5-output satellite; Z6- output internal
epicyclic gear). 



3.2.2 Simulation Modes

Input parameters for the simulation of a final model of planetary gear

ransmission have been defined accordingly as listed in Table 8. Input

angular speed of motor and torque have been given as a constant values of

400 rpm and 15 Nm. Output torque is variable in range from 1 up to 8

Nm. All gears are spur gears with module of 1 mm. Friction

coefficient of gears has been set as equal to 0.2 by referring to a contact of

steep surfaces as described for the preliminary model. Table 3.4 shows

main other parameters that have been assumed by referring to feasible

values for a real case of study considering material, penetration depth and

force exponent. 

During the simulation of final model the output parameters such as

angular velocity, torque contact forces have been computed in order to

investigate the dynamic behavior of the proposed transmission. Tests have

been carried out by considering a constant input speed as 400 rpm and

torque as 15 Nm and variable output torque as 1-8 Nm. When a variable

torque is applied to the output shaft of planetary gear transmission the input

shaft has to rotate continuously with the constant speed of motor of 400

rpm. If this process will happen then it means the planetary gear box

works with 2 degrees of freedom and changes reduction ratio. Schemes of

contact forces between gears are shown in Fig. 3.17 and Fig. 3.18. 

Modeling details of the contact between sun gears and satellites and

between satellites and internal epicyclic geasr are shown in Fig. 3.19 (a, 

b, c and d). 





(c) (b)

(d) (d)

Fig. 3.19 Modeling details of the gear contact in Figs 3.17 and 3.18: (a) contact
between gears Z1 and Z2; (b) contact between gears Z2 and Z3; (c) contact between Z4

and Z5; (d) contact between Z5 and Z6



3.2.3 Simulation Results

The variable torque has been applied in order to check feasibility of

change reduction ratio automatically. The proposed planetary gear

transmission can to adapt to externally applied variable load to the output

shaft by smoothly changing reduction ratio. In this section, dynamic

simulations are carried out with the aim to check the feasibility of the

final model. The results of dynamic simulation have been obtained and

presented in the plots of Figs. 3.20 to 3.31. 

Angular velocities of the input and output shafts of planetary gear

transmission are presented in Fig. 3.20. The input angular velocity has

been given as a constant speed of motor of 400 rpm. As shown in the plot

of Fig. 3.20 the input angular speed is constant during the test. The output

angular velocity with approximately average value of 425 rpm is presented

in Fig. 3.20 (red line). By considering the plot in Fig. 3.20 the output

speed changes from 400 up to 450 rpm during the test. This is because,

the variable torque has been applied to the output shaft of gearbox. The

generated variable torque is presented in Fig. 3.21. MSC ADAMS

generates cyclic different values of torque from 1 up to 8 Nm during the

test. This torque change affects to the output angular velocity. The input

shaft of the planetary gear transmission rotates with constant speed and it

can be observed in Fig. 3.20 and 3.21. 

Fig. 3.22 shows the plot of computed angular speed of the internal

epicyclic gears. The epicyclic internal gears rotate with the approximately

average angular speed of 390 rpm. In Fig. 3.32 the angular speeds of

input and output internal epicyclic gears are shown with red and blue dot

lines correspondingly. The variable output torque also affected to the

angular speeds of these gears. Fig. 3.23 shows the computed plot of the



torque of the internal gears. The torque changes from 6.5 up to 8.5 Nm.

The torque change is cyclic and sometimes small peaks are appeared, 

which can be thought due to the rapid variation of load. 

Fig. 3.24 shows the plot of computed angular velocities of the input

and output sun gears (red and blue dot lines). The input and output sun

gears rotate with same angular speeds. Results show that the angular

speeds of sun gears change from 450 up to 500 rpm during the simulation. 

Computed torque of the sun gear is presented in Fig. 3.25. The torque

change from 1 up to 4 Nm. The curve in the plot is cyclic. Computed plot

of the angular speed of the input planet gears is presented in Fig. 3.26.

The angular velocity of input planet gears is approximately 375 rpm. Fig.

3.27 shows computed plot of angular speeds of output planet gears. The

speed changes from 225 up to 350 rpm and curve in the plot is cyclic.

The variable load which has been applied to the output shaft is cyclic as

shown in Fig. 3.21 and this cyclic load affected to the output results. By

considering Figs 3.20 -3.27 it is possible to say the planetary gear

transmission can adapt to external applied load. The input shaft rotates

constant angular speed. The smoothly cyclic curves in the plots show that

the system can smoothly change reduction ratio.

Computed results of contact forces between gears are presented in Figs. 

3.28 to 3.31. In Figs. 3.28 to 3.21 contact forces are plotted as during

the simulated motion for a full rotation of the output shaft. Fig. 3.28

shows the plots of the computed contact forces between input satellites

and input epicyclic internal gear, which is related to Fig. 3.17, the contact

force is marked as number 1. The variation of contact force is from 0 up to

8.5 N. In the plot of Fig. 3.28, the highest contact force of 8.5 N appears at

9.2 second. It can be thought due to the gear system overcomes rapid

variation of load at 9.2 second. 



Computed results of contact forces of the input planet gears and

input sun gear are presented in Fig. 3.29, which is related to Fig. 3.17, 

the contact force is marked as number 2. The plot shows that the

highest contact force of 7.5 N appears at 7. These gears overcome

suddenly change of load at 7 second. 

Fig. 3.30 shows the plot of the computed contact forces between

output satellites and output epicyclic internal gear, which is related to Fig. 

3.18, the contact force is marked as number 3. In Fig. 3.30, the

approximately highest contact force of 7.5 N appears two times at 6 and

7 seconds. 

Computed results of contact forces of the output planet gears and

output sun gear are presented in Fig. 3.31, which is related to Fig. 

3.18, the contact force is marked as number 4. In this plot the highest

contact forces appears at 9 second then torque decreases. The

maximum value of contact force is 9 N. Contact forces change suddenly if

the applied external torque is variable with a big range of values and the

applied load changes frequently. The peaks in Figs 3.28-3.31 can be

thought as due mainly to friction at gear teeth contacts. Figs 3.28-3.31

show that the computed contact forces between gears are small enough to

use the proposed system under the expected loading conditions. 

Fig. 3.20 Computed plot of the angular speed of the input and output shafts.





Fig. 3.24 Computed plot of the angular speed of the input (blue line) and output (red
line) sun gears. 

Fig. 3.25 Computed plot of the torque of the sun gears. 

Fig. 3.26 Computed plot of the angular speed of the input planet gears. 



Fig. 3.27 Computed plot of the angular speed of the output planet gears. 

Fig. 3.28 Computed plot of the contact forces between input planet gears and input
internal ring gear in Fig. 3.17.

Fig. 3.29 Computed plot of the contact forces between input planet gears and sun gear
in Fig. 3.17.



Fig. 3.30 Computed plot of the contact forces between output planet gears and output
internal ring gear in Fig. 3.18.

Fig. 3.31 Computed plot of the contact forces between output planet gears and sun gear
in Fig. 3.18.

By considering these two case of study of a planetary transmission with a

preliminary and final virtual models it is possible to identify that the

planetary transmission can adapt to a variable external load. The

simulation results show that the proposed planetary gear transmission has

suitably output parameters both in terms of speed and torque. Results

with the preliminary model show that the gear box has a constant output

values, when the constant load has been applied to the system. Results

with the final model of planetary gear transmission show that the

planetary gear box has capability to adapt to a variable load. In both

cases simulation results show that the gear transmission smoothly changes



the reduction ratio at constant input speed. It means the input shaft rotates

with a constant angular speed of motor. Two prototypes of proposed

planetary gear transmission have been built according to these virtual

models, which are presented in next chapter. 



CHAPTER 4

An Experimental Validation and Characterization

4.1 A Preliminary Prototype of a Planetary Gear Box

Firs prototype of a new planetary gear transmission with two degrees of

freedom has been built as referring to a preliminarily virtual model. First

prototype of a new planetary gear transmission with two degrees of

freedom is presented in Fig 4.1. Each gear in the planetary transmission

has same module of 0.5 mm. It consists of an input and output sun gears, 

two input satellites, two output satellites, an input internal epicyclic gear, 

an output internal epicyclic gear, bearings, an input and output carriers and

housing with cover. The housing has been welded with two supports on a

frame. The output sun gear has been made as a gear shaft. The output

and input shafts have same diameter of 10 mm. The overall planetary

transmission is sized with a high of 130 mm and a longitudinal size of

180 mm and with weight of 1.8 kg. All the components with main

parameters of planetary gear transmission are listed in Table 4.1. 

Fig. 4.1  First prototype of a new planetary gear transmission. 



This prototype has some deflections. Deflections have been detected by

giving a motion to the input and output shafts with a load without any

load. The gears of 1st prototype have been jammed. Deflections which

have been detected are listed below:

the ratio of the number of teeth of the input and output sun

gears do not provide the desired transmission ratio;

the input and output carriers have equal radiuses;

the small value (0.5mm) of module requires very high quality of

alignment. All above  mentioned deflections have brought to the

jamming of gears of 1st prototype.

4.2 Final Prototype of a Planetary Gear Box

Suitable solutions have been found to build the second prototype of

planetary gear box, Fig. 4.2. The deflections of first prototype have been



solved by recalculating all parameters and it gave a good possibility to

build a new working prototype. A dynamic simulation of the planetary

gear box has been carried out by using MSC ADAMS software for the

second prototype of planetary gear transmission. The second

prototype of planetary gear transmission has been built according to

the MSC ADAMS final model. The MSC ADAMS final model of

proposed planetary gear transmission is presented in Fig. 3.14. The

second prototype of gear transmission is designed to obtain smooth

reduction ratio depending of a load on the output shaft. The second

prototype of proposed planetary gear transmission has been build with

module of gears of 1 mm. The prototype consists of an input and output

sun gears, two input satellites, two output satellites, an input internal

epicyclic gear, an output internal epicyclic gear, bearings, an input and

output carriers and two supports with covers, which are fixed on a frame

with 4 bolts. The housing with cover of planetary transmission has been

removed in order to observe inside of planetary gear transmission in

motion. The housing and cover are presented in Fig.4.3. and Fig. 4.4.

Supports with a frame have been used instead of housing of planetary gear

transmission. 

Fig. 4.2 Second prototype of planetary gear transmission. 





and input shafts have same diameter of 14 mm. The overall planetary

transmission is sized with a high of 145 mm and a longitudinal size of

200 mm and with weight of 5 kg. All the components with parameters of

planetary gear transmission are listed in Table 4.2. The second prototype of

planetary gear box has been checked by giving a rotation with a motor in a

factory and all gears rotate freely. That means the gear box is free from

deflections which are listed upper and it gives a possibility to make an

experimental test validation on a test-bed. 



Fig. 4.6 The gear shaft of prototype of planetary gear transmission
in zoomed view.

4.3 An Experimental Test with Non-Circular Gear Train

A low-cost test bed has been built for a simple non-circular gear train in

order to outline experimentally output characteristics. The aim of the

experimental study with non-circular gear train is to study basics of

testing with gears and during this experimental test some problems can be

solved which may meet in experiments with a prototype of new planetary

gear transmission. This mechanism is designed to obtain a specific motion

law. Non-circular gears can be used in a large variety of mechanical

systems. Non-circular gears can generate variable gear ratio and useful in

mechanisms where a variable gear ratio is required. This solution can be

designed as a planetary gears with non-circular gears, which can be

used to generate a variable ratio as a proposed planetary gear

transmission with two degrees of freedom. 

4.3.1 An experimental layout

An experimental test with non-circular gear train is presented in Fig. 4.7

and Fig. 4.8. In Fig. 4.7 (a) and (b) views of system set up are shown







In Fig. 4.9 displacement of the slider is shown with respect to time

during a test with a maximum displacement of 40 mm. The measured

acceleration of slider is reported in Fig. 4.10, as obtained by using an

accelerometer A1 on the slider, Fig. 4.7 (a). The accelerations of the

coupler along X and Y axis are presented in Figs. 4.11 and 4.12. These

accelerations are obtained by using the accelerometer A2 on the coupler in

Fig. 4.7 (a). The noise in the plots which appears in each cycle can be

thought as due mainly to friction at gear teeth contacts, vibrations and

backlashes. This phenomenon appears when the gear G1 works with a

maximum load, Fig. 4.7 (a). This maximum load can take place as shown

in Fig. 4.7 (a) during a small a angle and the distance L in Fig. 4.7 (a

and b) is small and at this moment can be energy loss. The distance L

changes continuously in each rotation of the gears. This mechanism

works with specific motion law and continuously changeable

transmission ratio. Plots of experimental test without applying a load

also show an evidence of backlashes. Next experimental tests with a

load have been done to avoid backlash affects. The following

observations can be elaborated to identify a phenomenon such as

shock of contacts. Results of experimental tests with a load are reported

in Figs 4.13-4.16. In this case experimental test has been done by

braking the driven shaft. The angular position of the driven shaft is

presented in Fig. 4.16, which is monitored by using encoder E in Fig. 4.7

(b). The angular velocity of the driven shaft without a load is 41,6 rpm and

with a load is 25 rpm. After applying a load to the driven shaft the

angular velocity decreases. Measured acceleration of the slider with load

is presented in Fig. 4.13. The noise in the plot describes the friction

effects at gear teeth contacts. Measured accelerations of the coupler with

a load are reported in Figs 4.14-4.15. These plots also have noises which



are cyclic. The plots of experimental test without applying a load have

much more noises than experimental test with a load. This is because

in this case the gear system has backlash. Experimental test with a load

can give a clear picture of friction at gear teeth contacts. 

Fig. 4.9 Measured displacement of the slider during a test

All results show that the gear G1 works with a maximum load in a

angle, Fig. 4.17 (a) and it depends on distance La. This angle corresponds

to the noises in the plots. In Fig. 4.17 (b) the gear G1 works with less

friction in b angle and depends on distance Lb. 

Fig. 4.10 Measured acceleration of slider along X-axis versus time during the test



Fig. 4.11 Measured acceleration of coupler along Y-axis versus time
during the test

Fig. 4.12 Measured acceleration of coupler along X-axis versus time
during the test

Fig. 4.13 Measured acceleration of slider with load along X-axis versus time
during the test. 









prototype of planetary gear transmission in zoomed view is shown in Fig. 

4.20. The motor with inverter MITSUBISHI E500 have been used in a

test-bed in order to give a rotation to the planetary gear transmission, the

motor is shown in Fig. 4.21. The motor has a single speed, three-phase

50/60 Hz and 4 poles. It has a power of 1.5 kW. Torsiometer with

the amplifier have been used in order to determine torque changes on the

shafts. The used torsiometer of test-bed in zoomed view is presented in

Fig. 4.22. For the test-bed two same torsiometers have been used. First

torsiometer has been mounted between the motor and prototype of

planetary gear box in order to measure the torque change of the input of

planetary gear transmission. Second torsiometer has been mounted

between the output shaft of planetary transmission and one stage gear

box in order to determine the value of applied torque by using a brake.

Amplifiers have been used as a power supply for the torsiometers. NI

USB 6009 data acquisition card has been used in order to acquire analog

signals from torsiometers. NI USB 6009 data acquisition is presented

in Fig. 4.23. Both of torsiometers are connected to the data acquisition

card. Additional one stage gear box has been used in order to make the

test closer to real case. This gear box is from a scooter. Reduction ratio

of this gear box is 1:10. This gear box with braking system have been

used both in the test-bed. The braking system is a hydraulic and works

by pressing the lever. The gear box with brake are presented in Fig. 

4.24. Rotary optical encoder has been used in order to measure angular

position of the output shaft, Fig. 4.25. It has two channel quadrature

output, all bearing option for high operating speed up to 3000 rpm. 

Phidget 1047 data acquisition card has been used in order to acquire

digital signals from encoder. Phidget 1047 data acquisition is presented

in Fig. 4.26.



Fig. 4.19 A general view of the test-bed for planetary gear transmission: 1-motor; 2 
and 4- torsiometer; 3-planetary transmission; 5-gearbox; 6-brake disk; 7-brake caliper;

8-encoder; 9-inverter; 10 and 11-amplifier; 12-NI data acquisition card; 13-Phidget data
acquisition card; 14-brake lever. 

Fig. 4.20 Zoomed view of the prototype of planetary gear box in LARM test-bed.

Fig. 4.21 The motor of test-bed in zoomed view. 









Adapters have been fixed with screws and nuts on the output and

input shafts of prototype of planetary gear transmission as shown in Fig. 

4.28, position No 4. All sensors have been checked and calibrated before

doing experimental tests on LARM test-bed. Main characteristics of the

components in this test-bed are given in Table 4.4. For experimental

tests Lab View software has been used. In Lab View 2010 software the

operation program has been written for the experimental tests. A block

diagram for LARM test-bed which has been made in Lab View is

presented in Fig.4.29. NI USB 6009 and Phidget 1047 data acquisition

cards acquire analog and digital signals from all sensors. All information

come from these acquisition cards to PC. The prototype of gearbox has

been tested on LARM test-bed.

Fig. 4.29 A block diagram for LARM experimental test-bed in Lab View. 



4.4.1 Experimental Tests and Results

Experimental tests have been carried out on the mechanical test-bed in

Fig. 4.19. During the test validation several cases of experimental tests

have been studied. Experimental tests have been done by braking the

output shaft in order to give different values of loads from 0 up to full

braking of shaft (output shaft is stopped). Before making the tests all

sensors have been checked, calibrated and made trial tests in order to be

sure the sensors work properly. 

The first test has been done without applying any load to the system. An

input constant speed has been given to the system during the test. The

angular speed of motor is constant, 470 rpm. The torque of the motor is

3.5 Nm. These parameters of motor have been measured before mounting

the motor to the system. 

Fig. 4.30 Measured angular velocity of the output shaft without load
during the test. 





Fig. 4.32 Measured torque on the output shaft during a test without load

The measured torque is constant during the test. The torque of 0.5 Nm

is appeared due to the friction at gear teeth contacts planetary gear

transmission and test-bed gear box. The small peak at 6 sec. on the plot in

Fig. 4.10 shows a shock due to a rapid variation of load. The roughness

in Figs 4.31 and 4.32 can be thought due to mainly backlash at the

joints of experimental test-bed.

The second experimental test of prototype of planetary gear

transmission on LARM test-bed has been made with applying a load. 

The load has been applied to the output shaft of planetary gear

transmission by using a brake with a lever. The lever of braking system is

shown in Fig. 4.19, position No 14. The load with value of 1.5 Nm has

been applied to the output shaft of planetary gear box. The second

experimental test has been done during 29 sec. Results of second

experimental test with the prototype of planetary gear transmission are

reported in Figs 4.33 - 4.35. 

Fig. 4.33 shows a plot of measured angular speed of output shaft.

The encoder measured a constant output angular speed of 140 rpm with a

load. The experimental test has been started at 6 sec. The angular speed

reached value of 140 rpm in 0.7 sec. and this constant angular speed is



constant up to the end of experimental test. The input shaft of planetary

gear box has been in a motion with a constant angular speed. This is

because the gear ratio of planetary gear box changes and activates the

second degree of freedom. Fig. 4.34 shows a plot of measured input

torque changes on the input shaft of prototype of planetary

transmission. The experimental test has been started at 6 sec and finished

at 29 sec. When an external load of 1.5 Nm has been applied to the output

shaft of planetary transmission the torsiometer which is mounted on the

input shaft measured a constant torque with value of 0.4 Nm. Fig. 4.35

shows a plot of applied torque on the output shaft of planetary gear

transmission. This torque has been measured by torsiometer which is

mounted between the output shaft of prototype and test-bed gear box. 

From 6 sec. up to 29 sec. the torsiometer measured a constant applied

torque with value of 1.5 Nm. The peaks in Figs 4.5 and 4.6 can be thought

due to the rapid variation of load. 

Fig. 4.33 Measured angular velocity of the output shaft during the test with a load. 







box suddenly stopped after starting a rotation, but the input shaft has been

in a rotation continuously.This test also can show that, the gear ratio of

planetary gear box have been changed as observed in the second

experimental test.

Fig. 4.38 Measured torque on the output shaft during the test. 

Fig. 4.37 shows a plot of measured torque on the input shaft of planetary

transmission. The sensor measured a constant torque change. The

value of measured torque approximately is 0.7 Nm. The test has been

started at 6 sec. and finished at 31 sec. The peakis appeared when to the

system has been given a maximum torque of 2.5 Nm at 6 sec. 

Fig. 4.38 shows a plot of measured torque on the output shaft

of planetary transmission. The output shaft has been stopped. The

sensor measured approximately torque of 2.5 Nm from 6 sec up to 31 sec. 

The peak in the plot shows suddenly variation of load. 

The fourth experimental test has been made with different values of

torque. In this experimental test previous 3 tests have been combined

and same input parameters are used. An input constant angular speed of

motor has been given to the system during the test. The last test has been

done during 30 sec. Results of test are reported in Figs 4.39 -4.42. 



Different values of torques have been applied to the output shaft of the

planetary transmission by using a hydraulic braking system. 

Fig. 4.39 shows the torque changes on the input shaft. The experimental

test has been started at 6 sec. From 6 sec. up to 13 sec. the system has

been worked without any load. The small torque approximately of 0.1

Nm is appeared due to due mainly to friction at gear teeth contacts. When

to the system has been given a torque, from 13 sec. up to 22 sec., the

torque on the input shaft increased up to 0.4 Nm. In the next step of the

test, the output shaft is stopped by giving a maximum load. The torque

on the input shaft is

increased approximately up to 0.7 Nm. The peak at 22 sec. on the plot in

Fig. 4.39 shows a shock due to a rapid variation of load. 

Fig. 4.39 Measured torque on the input shaft during a test.

In Fig. 4.40 is shown a plot of the measured torque on the output shaft.

From 6 sec. to 13 sec. the system worked without applying a load. The

torque of 0.5 Nm is appeared due to friction at gear teeth contacts. From



13 sec. up to 22.5 sec. to the system has been given the output constant

torque of 1.5. From 22.5 sec. up to 31 sec. to the system has been given

a maximum torque of 2.5 Nm and the output shaft stops, but input shat

can rotates due to the two degrees of freedom. The peaks on the plot in

Fig. 4.40 shows a shock due to a rapid variation of load. 

The angular velocity of the output shaft is presented in Fig. 4.41. The

maximum speed is reached value of 460 rpm in 2 seconds. The speed

decreased up to 140 rpm at 13 sec., when to the system has been given an

output torque of 1.5 Nm. In the plot speed with 0 rpm shows that the

output shaft is stopped by giving the maximum torque of 2.5 Nm.

Considering these results the output speed depends on the applied torque

to the output shaft and input shaft can be continuously in rotation due to

the two degrees of freedom. 

The plot in Fig. 4.42 gives clear picture of the work of transmission

with two degrees of freedom which can change reduction ratio depending

on the output load. In Fig. 4.42 the marked points with letters A,B and C

correspond to the output torques in Fig. 4.41

0.5, 1.5 and 2.5 Nm and to the angular speeds in Fig. 4.19 460, 140 and 0

rpm relatively. The curve in Fig. 4.42 shows the smoothly changing

reduction ratio depending on the output load.

Fig. 4.40 Measured torque on the output shaft during the test. 



Fig. 4.41 Measured angular velocity of the output shaft during the test

Fig. 4.20 Measured angular velocity versus torque during the test.

In this chapter a prototype of planetary gear transmission with two

degrees of freedom has been studied through experimental tests on LARM

test-bed. Experiments have been carried out to measure the angular



velocity of the output shaft, torques on the input and output shafts by

braking the output shaft in order to give different values of load. The

transmission with two degrees of freedom can save motor from

suddenly change of output torques. The motor works with constant speed

at any external applied torque. The results also show that the gear box

smoothly changes the reduction ratio at constant input speed. This

mechanism can be used in applications where it is necessary to

reduction ratio. 



CONCLUSION

In the book, a new planetary gear box with two degrees of freedom is

proposed. A planetary gear box with two degrees of freedom has been

studied from aspects of mechanical design, kinematic modeling and

experimental tests. A mechanical design and 3D CAD model of a planetary

gear box with two degrees of freedom have been proposed in order to

adapt the operation to variable loading. Design of the planetary gearbox

is shown in kinematic scheme. The formulated equations are tested by

numerical examples. Numerical checks are made with an application for a

wind turbine. Results of numerical check show the gars rotate with a proper

speed and without jamming. 

In order to check the feasibility of the design a dynamic simulation of the

planetary gear box has been carried out by using MSC ADAMS

software. The MSC ADAMS preliminary model and final model of the

proposed planetary gear box have been carried out. The preliminary model

and final model have been considered with different number of teeth of

gears. Simulation results show that the proposed planetary gear box

has suitably constant output values both in terms of speed and torque. The

simulation results also show that the proposed gear box smoothly changes

the reduction ratio at constant input speed. Contact forces between gears

are small enough to use the proposed system under the expected loading

conditions. Considering the simulation results it is possible to identify that

the smoothly changing reduction ratio can take place by activating the

second degree of freedom.   

Experimental tests have been made with a non-circular gear train in

order to study output characteristics of gear train. This study is useful for

the experimental tests with a prototype of planetary gear transmission.



A preliminary and final prototypes of a new planetary gear box

have been built according to the MSC ADAMS models. The second

prototype of planetary gear transmission has been tested on LARM test-

bed. LARM test-bed has been built for the second prototype of a

planetary gear box. Experiments have been carried out to measure the

angular velocity of the output shaft, torques on the input and output shafts

by braking the output shaft in order to give different values of load. 

The transmission with two degrees of freedom can save motor from

suddenly change of output torques. The motor works with constant speed

at any external applied torque. The results also show that the gear box

smoothly changes the reduction ratio at constant input speed. 

Numerical examples and experimental validations have shown the

engineering feasibility and efficient features of the proposed design

of planetary gear box. Results of the experimental tests show that

the proposed mechanism has a good output parameters with any

variable load. These features are suitable for using the proposed design

in practical applications such as differential planetary gear box in

transmissions for vehicles, wind turbines and other transmission

applications needing smooth control of ratio reduction. 

The main achievement of this work is the novel design for a new

planetary gear box with two degrees of freedom which can generate a

variable reduction ratio depending of applied loads to the output shaft with

a characterization with numerical simulations and experimental tests. 



APPENDIX

Mechanical Drawing of a New Planetary Transmission
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