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ABSTRACT

A parallel manipulator has sevetahbs that connect and actuate end effectofrom the base
The design of parallel manipulators usually foltotihe process oprescribd task design
evaluation, and optimizatioihis dissertatiorfocusesoninterferencefree designs of dynamically

balanced manipulators and deployable manipulators of vategres of freedom (DOB).

1) Dynamic balancing israapproacho reduce shakinloads in motiorby including balancing
componentsThe shaking loadsould cause noise and vibratidrhe balancing components may
cause link interference and take more actuation en&fgp/2-DOF (2-RR)R or3-DOF (2-RR)R
planarmanipulator, an@-DOF 3-RRSspatialmanipulatorare dsignednterferencefree and with
structural adaptive features. The structaddptions and motion planniagediscussed for energy
minimization.A balanced3-DOF (2-RR)R anda balance®-DOF 3-RRS could be combined for

balanced6-DOF motion

2) Deployable featuran designallows a structure to be foldethe researcmideployableparallel
structure of non-configurable platform is rar@his feature is demanded, for exampledhgloor
solar tracking stantias norconfigurable platform andnay need tolie-flat on floor at stormy
weathergo protect the structurdhe 3-DOF 3PRS and3-DOF 3-RPS are redesigned to have
deployable featuréhe 6 DOF 3[(2-RR)UU] and 5DOF PRPU/2-[(2-RR)UU] are designed for
deployable featar in higher DOFsSeveralnovel methods are developed foapid workspace

evaluation, link interference detection and stiffness evaluation

The above robat manipulatorsouldbe grouped as a robotic system thagrages in a green way

and works harmonigsly with nature.
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Chapter 1 Introduction

1.1Robotics

Robots are controll ed machines. The English wt
whichmeans forced | abor. Czech wrhdted iKmrteils LIaPa
Rossumdés Universal Robots for mechanical men

finally rebelled against their human mastdis Robotics is the scien@nd technology of robots.
Since robotic science was introducedapidly attracted research interests and grew broadly. Now

robots are widely used for many applicati¢2ls

As influenced by science fictions and public media, general public moreno&gthink of robots
as machines with human appearance that replacen labor. The robots that look like human

are humanoid robof8]. However, the robots dondt necessar

Jorge Angeles classified robots as mobiles and mamgusf4]. Mobile robots move around, such
as the fowlegged walking robot, Big Dod5], swimming robotic fist{6], winged flying robots
[7] and so on. The manipulators need to be installed on stage and are designed to reach to places

with a moving end eéfctor like the arm and hand.

Usually a manipulator has three parts: a moving end effector, a base, and some links that connect
and actuatehe end effector from the base. A moving or static object where the manipulator is
installed on could be considerasla base. Jonathan Hodgins designed a manipulator to be installed
on the bottom of drond8]. Moritz Arns designed a dual functioning lamgl gear for the drones

[9]. The CANADARM was designed to be sent to work in spa@f The manipulators could also

1



be installed on fixed base. Industrial rob[dt§] are set along the production line to work on the

work parts conveyed on the line.

Strudures of the manipulators could be generally classified as serial and parallel. A serial robot
has its links conneetl from base to the moving end effector in series like an arm. The design is
straightforward and commonly seen. A planar serial robot igued with three revolute joints
perpendicular to the plane which could move horizontally and longitudinally oplahe and

rotate as wel[12]. A SCARA robot[13] adds one more joint to the thre®bility planar serial

robot and makes it move vertically

Anotherkind of manipulatorstructure is parallel.

1.2 Parallel Robots

Dan Zhang gives a review of advancedatlat robots, and he develops comprehensive design and
analysis methodologies for parallel manipulators of multiple limbs and mobjlid¢sA limb is
a group of jointed links. The parallel manipulators have sélierhs that connected in parallel

between two platforms. The fixed platform is the base, and the moving platform is the end effector.

An example of planar fully parallel manipulaf@f] 3-RRR has three legs each with one actuator.
This robot has three ohilities that could move horizontallynd longitudinally on a plane and

rotate.

Compared to serial manipulators, the parallel manipulators have higher stiffness, loading capacity,
operational precision, but smaller workspace. These structures are wmdlgd in many

industries, such as trang, surgical, manufacturing and so[&B].



As parallel structure has high stiffness while serial structure has large workspace. The parallel
features and serial features could be integrated to design a hybridutator [17] to take

advantages of both

Historically there were quite some mechanisms or machines designed with parallel nature,
however D. Stewart firstly raised the awareness of parallel mechanism in academic research. Since
D. Stewart published a sigicant fully parallel structure in 1%%named Stewart platform that has

six mobilities[18], the researches on parallel robotic structures started to bloom.

In the kingdom of parallel manipulators, there are unique categories of designs. The patalel li
could be flexible, such as the callleven parallel manipulatof49] where the flexible cables pull

and |ift a moving platform. For some designs
to be one rigid body. A configurable platform coulddoeposed by more than one jointed body,

so that the platform could change its shigtg [21] [22]. The limbs of the parallel manipulators

may not be individually connected between base and platform, for some structures have chains

that connect between two lim[&3] [24].

The parallel structes discussed in this dissertation are the ones that havegal platform (non
configurable platform), have the limbs that are individual with no chains between them. The limbs
are considered as a group of rigid bodies jointed togethercalae drivei in kinematics and
dynamics analysis. However, in stiffseanalysis, the elasticity in actuated joints or deformable

bodies are considered.



1.3 Objectives of the Study

Here are some important problems in the studies of parallel manipulators fberfurt

improvements.

The parallel manipulators contain a gooof rigid bodies with mass and rotational inertia. When

the manipulator is moving, the acceleration of the mass and rotational inertia could cause inertia
loads. That could lead to vibration ammige. These loads are known as shaking forces and shaking
moments. The elimination of these loads is known as dynamic balaf@Shgrhe balancing
requires additional components which cobéve link interference artdke more driving energy.
Methods needo be discussed to design balanced manipulators withr easigrol, improved
balancing performancgenterferenceree optimized energy consumption, and larger workspace.

This problem is important as it is about the precisiodenergysavingof manufaturing.

The outdoor stormy weathers or compact indoor rfeanturing tasks require parallel manipulators

to be folded close to the base to protect the structure or to give space to other components. There
are some researches on foldable parallel manipsld&signs, but these parallel structures are of
configuralbe platform. Parallel structuresof nonconfigurable platform aredemandedin
applications The researches of foldable designs for-nonfigurable platform manipulators are

rare. The modificatiomnd redesign of some common parallel manipulators to be foldable need

be discussed and novel designs with this feature will be developed. Thie fisatwrth research

awareness as it provides a protection for outdoor working machines in severe weathers.

The parallel manipulators have multiple limbs and these limbs are very close to each other. When
the manipulator is actuated, these limbs maya®lér interfere. The distance between the limbs
need to be calculated to determine whether any two bodigsinterfere with each other. The

4



interference detection of limbs could be complex and take time for analysis. Parallel structures
need to be desigdewith less opportunity of interference and quick detection for potential
interference. This is significambr parallel manipulators of higher mobilities since they contain
more links between the platform and the base than the ones of lower moBititsggroblem will

be discussed in the dynamically balanced manipulators and deployable manipulators.

1.4 Organization of the Dissertation

Chapter 1 gives a general knowledge of robotics and introduces the important problems the

research of this dissertatigs going to solve.

Chapter 2 reviews the knowledge and researches that are relevant to the problemsvides
the knowledge background to readers and it paves the way for the methods to be discussed in the

next chapter.

Chapter 3 discusses thesearch challenges, descslike problems in more details and suggests

the methods and theories that coodddeveloped or used to address the problems.

Chapter 4 deals with designs of dynamically balanced parallel manipulators. It demonstrates the
dynamt balancing anenergyoptimization methods for a planar parallel mechanism and then
expands the methodsdesign and optimize a spatial dynamically balanced mecha&tsactural
adaption and motion planning are involved in the energy optimizattmd/namic modeling in

theory are verified by Simulink. It also discusses the further combination of two édlanc

mechanisms to makebalanced manufacturing machine of higher mobilities. Chapter 4 is written



accordingta u t h aperéos 2DOF (2RR)R[26] and 3DOF 3RRS[27], including materials

from the sourcesvith adaptions.

Chapter 5 deals with 1@esignsof some common lowmobility parallel manipulators. It analyzes

the function that is designed to fold parallel mechanisms. It looks at theyst@ather protection

for solar panel in solar tracking and presents the designs that enable the mechanesadwmato li

flat to the floor when storm attacks the tracking field. The foldable designs are analysed for parallel
mechanisms with three mobiliti¢svo rotations and one translation). Methods such as minimum
platform height and modified Jacobian matrix areali@ped to assist the analysis and evaluation

of the designs. Chapter 5 is writteccording taa u t h aperéos 3D®OF 3PRS[28] and 3DOF

3-RPS[29], including materials from the sources with adaptions.

Chapter 6 deals with novel designs of highbility parallel manipulators. It expands the foldable
mechanism designs to higher mobilities. The synthesis design me#mbmterference
avoidancéletection methods are researchithdified Jacobian matrix is developed for these
structuresChapter 6 is witenaccording taa u t h aperéos 600OF 3[(2-RR)UU] [30] and 5

DOF PRPU/2-[(2-RR)UU] [31], including materials from #hsources with adaptions.

Chapter 7 concludes the contribution of the dissertation and fookard to future work.



Chapter 2 Literature Review

2.1 Synthesis Methodology

Tingli Yang et a[32] summarized the general process of manipulator design. As a manipulator is
designed to work within designed space, first the task space is given, then a design comes up with
a solution spageand finally the solution space is going to be optimized. Thef&etprs of
topology are joints, the connection of links by joints, and the constraint a joint implies on the links.
The motion of links connected in series is the composition of the matidhsse joints, while the

motion of platform connect to the basg a group of limbs in parallel is the intersection of the
motions of the limbs. A group of links connected in series is a single open chain unit. The single
open chain units are easy anchgle to analyge and use for design. It is common to use single

open chain units as one of multiple limbs for a parallel manipulator.

Dan Zhang14] developed tables of topologies for parallel manipulators with open chain units
based on the Chebych&riber-Kutzbach criterion. He summarized in the table the number of
mobilities a topology could achieve with various possibilities of legs and joints combination. From
this table, he continues to develop the parallel structures with one more leg thanespbdithe

extra leg could serve as an unactuated passive ledhwehitancethe stiffness and kinematic
analysis of the structures. A passive leg determines and provides decoupled motion when the other
legs have full mobilities of six because the motidrparallel limbs is the intersection of their
motions. A family ofparallel manipulators are designed with the passivi8&d34] [35], where

the passive leg determines the total mobility of the parallel mechanisms considering the



intersection nature othe parallel mechanism motions. He also suggests the combirmdtion

manipulators to work beyond the mobilities of individual robots that involve in the combination.

After a mechanism is designed, its mobility also known as degree of freedom (DOF)mbeds t
determined. The formula developed based on ChebyGhéblerKutzbach criterion are
simplified called GK formula. The GK formula could easily be used to determine the degree of

freedom based on number of links, number of joints, total mobilitied ints[17].

A classical GK formula is given below, wheré represents the degrees of freedénis 3 for

planar mechanism or 6 for ngmanar mechanisni, is the number of bodie¥,s the number of

joints, andB  'Q represents the tdtdegrees of freedom froail the joints in the mechanism.

O #" * p B 0 (2.1.1)

Classical GK formula is commonly known, and widely adopted by engineers and eduf&gprs
[37]. The GK formula iseasy to use and gives quick atmatrect solution for most of the cases.
However, in some special mechanisms, many researches discovered that the cl&sticalda
didnét give correct solution fKformulamndedtobet i es.

modified for certain ugges[38].

Zheng Huang et §B9] reviewed the 150 years of history seeking a unified formula for mobilities
(DOF). He concludes that-& formula is not correct in all cases while a unified formula for
mobilities is not foud yet. He suggested his resedalsed on screw theory and he also classified

other categories of methods.

There is a category of methods based on Jacobian njd@jx Although Jacobian matrix is

complex, it does not increase the calculation work becdasebian matrix is also needéx



stiffness mappingd1] which is commonly conducted to evaluate the deformation under loading.
The rank of the Jacobian matrix represents the mobility of the mechi2$nSome research
uses lie group theory to designmaechanism and then use Jacobiaatrix to determine the

actuation joint§43]. This is an alternative of verifying mobility with Jacobian matrix.

After a designed mechanism has its mobility verified, a topology diagram and a notation in letters

with sigrs are needed to represent thirsicture. Network diagrarf#4] [45] of circles connected

by lines is common in representing structure, where the circles represent rigid bodies and the lines
represent the joints that connect the bodies. Another diagramatigod{46] also takes the

netwok pattern but more specifically indicates the orientation of joints, which is not commonly

used. There are generally two notation methods to indicate the structure. One [#éthed

defining the structure by the outputerid motion of platform in a givesequence (for example:

2R1T or 2T1R as the first or second types of Gf motion set). This method clearly shows the degree

of freedom and motions of the structure howe
connectedAnother method14] is definingthe joints in sequence from base to platferhere the

numbers with hyphen followed by joints indicate the duplicat@lenticalchains in paralleffor

example 3RRR or 6UPS as the name and order of the joints connectibere the underlined

joint is driver). For the cases when the limbs are not identicalhen it is ahybrid limb, one

could consider using the notation[#8], wherethe brackeholds a part irserial connectioand
slashindicate a nondentical chainis connected from base to platform in parallel (for example
RRR/(2-RRR)Ris the notation for the structumefigure 2.3.1(e)). This method indicates how the

l inks are connected but doesndét give informat.
to use both notations (end effector motion and links connection) to comprehensively describe a
structure. One needs to notiseme joints could be combined to equal to another joint. For
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example, RRR or RU when their rotation axis intersect at one paifd be equal to spherical

joint. Sometimes, such replacement brings a better performance.

2.2 Family of 2R1T Manipulators

Newly developed structures may be uncertain in performance, which may need long term trial and

modification before commercial usage.

Family of 2R1T robots could make two rotations and one translation in any order. Some of the
examples have been developedg@go and already widely applied. It is safer to adopt or modify

the commonly known structures, as the relevant technical do¢sigenabundant.

QinChuan Li et a[49] reviewed a group of parallel manipulators of 2R1T motion and classified
them into fow categories according to the order of equivalent joint outputs from base to the moving
platform. These are the motions equivatentP, P*U*, PU and RPR. Most of the existent 2R1T

robots belong to one of the four types.

The UP type equals a universainjpand a prismatic joint connected in the given sequence. An

example is the Tricept robot with a passive leg to constraint thienrass UH50].

The P*U* type is close to a prismatic joint and a universal joint connected in the given sequence
but with @upled translational motions. Examples are A3 and Z3 sprint heads for manufacturing
[51]. This type includes many well known andoated structures such afPBS, 3RPS, 3RRS

and so on.

10



The PU type equals to a prismatic joint and a universal joint ctethét the given sequence.
There are some examples designed with a passive leg that constraints the moving platform as to

yield aPU outpuf52] [34] [53].

The PRP type equals to a prismatic joint, a revolute joint and another prismatic joint connected in

the given sequence. One example is the Exechon mgéHipe

The research49] further analyzed the designs with or without ttenstraining passive leg.
Theoretically the machines with constraining passive leg could output the motion equivalent to the
joints connected in series, while the ones without constraining passive leg yield coupled motions,
also known as parasitic motiortsowever, in reality, thelptform has a thickness. For example,

the end effector of a PU type has a distance away from the center of the last joint on the
constraining leg, U joint. In other words, the platform centre is not exactly the joint center.

Optimization could minimize thdeviation but could not eliminate it.

Researchepl9] and[14] reviewed many examples of designs and suggested the trend in 2R1T
robot design. That leads to the combination of a 2R1T robot with a planar manipulator which has
at least two motions (the x and y axis motions on the plane). The merits of the combination a
first, to provides an offset to cancel the dewatinotions in the 2R1T manipulator, and second,

to add at least two translational motions to make the paibotseligible for at least five degrees

of freedom.

There are plenty of common 2R1T stuwrets. They could be modified to improve the performance.

11



2.3 Hybrid Structures

Dan Zhand14] described the beauty of hybrid structures which integrate theglaaall serial
structures for the beneficial natures of both. The parallel robots have Bigheess while the
serial robots have larger working space. Serdar K{&tikdescribed the features of fully serial,
fully parallel and hybrid manipulators. Exafes of planar OF mechanisms are givgsb] in

fully serial, fully parallel and hybridtsictures respectively.

As is summarized from review of many hybrid designs, there are mainly two types of hybridizing.
These are the serial type hybridizing andapial type hybridizing based on the pattern of howsub

mechanisms are connected into themipulator.

The serial type hybridizing means connecting mechanisms or manipulators in series, just like the
serial manipulator that connects the links in series. @&xample, the parallel robots and serial
robots could be connected in series 8%} [56]; and multiple parallel robots could be connected

in serieg57]; a parallel robot and a single joint could be connected in §68&E9].

The parallel type ybridizing means connecting limbs in parallel between the moving platform and
the base, wire at least one limb contains at least two actuators. The limb that contains at least two
actuators is similar with serial mechanisms. For example, sdd@Femaniplators are composed

of three limbs where each limb has links and joints connected in aaddw®/0 joints of each limb

are driver[60] [61] [62] [63] [64] [65].

For when a limb has two actuated joints in series the actuated joint, closer to base) nasgs t
the load of the actuator in the middle of the limb. This requires more driving capability and larger
size of the base actuators. So that, some researsbassithe parallel type hybridizing with limb

that contains at least two driven joints, bl driving joints are in parall¢66] [48] [67] [68].
12



This is equivalent to a serial limb but the parallel driving provides a better driving loads distribution

and a better mass distribution.

The figure 2.3.1 gives examples eD®F planar manipulatois different formation. Suligure
(d) and (e) are equivalent, but (e) uses parallel actuation which avoids heavy duty on base actuator
and uneven mass distributiobesides, théorce normal to the plane at end effector caless

deformation becausae cantilever is stronger with parallel actuation.

() free revolute joints

R

;:i )J driven revolute joints

Figure 2.3.1 The-BOF planar mechanism&) fully serial (b) fully paralle} (c) hybrid serial

type (d) hykrid parallel type (e) equivalent parallel actuation of hybrid parallel type
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The hybrid stnctures designed for higher degrees of freedove Aalesign merit which reduse
the chances of link interferen¢@0] [62] [64] [69] [65] [67] compared to thequvalent fully
parallel counterpartsbecause the hybrid structures are simpler than equivhliéy parallel

structures. This reduces the chances of interferences and offers a larger workspace.

2.4 Redundancy and Adaption

Joints bring degrees éfeedom to a mechanism, but the added DOF may not contribute to add
dimensions in end effector motis. For example, a serial open chain on a plane could at most
translate in x and y and rotate about z axes, while adding more prismatic joints on that plane
increaset he DOF but doesnoét make it a spatial me
motions, hey need to be locked or driven to eliminate idle motions. The redundancy describes this

feature of structure where the number of actuators exceeds teesie§freedonil4].

Some works have reviewed the redundancy in parallel robot dg€ipiir1] [72] [73]. Among
the works[72] has summarized that there are three types of redundancy. It gave the design process
for redundancy as Jjriginal nonredundan structure, 2) modification, 3) geometric parameters

to be chosefset redundancytp optimize som@erformances.
The three types of redundancy are described as following.

(a) Kinematic redundancy by definitigii4] adds more degree of freedom througimgs to the
limbs and it needs actuators to control the additional degree of freedom. Benefipphcations
are in eliminated singularitj75], improves dynamic performancggs] [77], optimized force

distribution[78], and reduced operational gag].
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(b) Actuation redundancy by definitid80] [Bl]d oes nét add more degr ee
actuators on originally passive joints adds additional actuated lifsh Benefits and applications
are in eliminated singularity, improved force and dynamic performaj@&g80] and tuned

natural frequencig3].

(c) Internal redundancy by definitigid2] is the additional degree of freedom which allows some
mass to move fobetter dynamic performances, while the relative motion between the base and
the moving platform is not affected by this redundancy. The counter mass position is adjusted for
balancing[84]. Mass moving for balancin{85]. (See more examples in the actiggnamic
balancers)Parallel robot dynamic performance can be improved by reconfiguration, known as re

dyn[86] [87].

These types of redundancy are compared for their different piegoerhe actuation redundancy
adds constraint to the motion thus isrendifficult to control. The internal redundancy may involve
additional motors and mass on a limb. The kinematic redundancy could be considered to allow

adaption in design.

The adaptia [88] and reconfiguratiofi89] though the redundancy improves the perfances.

The design could be modified from originally amdundant structures for optimization.

2.5 Kinematics and Dynamics

Jorge Angele$4] introduced transformation matrix foigid body linear translation and angular

rotation as for the positions, instant velocity and acceleration.
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The inverse kinematics is suitable for parallel manipulators to calculate positions, velocities and
accelerabns. Such examples are the inverseekiatics analysis of planaff3OF 3RRR parallel

mechanisnjl5] and 2R1T 3RRS manipulator inverse kinematics and dynarj863.

There are algebraic method and geometric method to calculate the Jacobian matrix.

The algebraic method usually takes the camiskength of a link and develop symbolic equations

about the end effector motions for derivatij®4].

The geometric method es vectors to represent the velocities of the links and develops a
relationship between the end effector and the actuatora.tFamslational and rotational rigid link,

the velocity could be simplified where only the velocity along the link needs tgureaéent at

the two joints of the links. Such simplification uses dot multiplication with the vector that goes

along the two pints at the joints on the lif1] [92].

The relationship between the end effector velocity and the actuation velocity edrteddrm a
Jacobian matri4] which could be used for stiffness calculation or other purpose such as degree

of freedom verifcation.

Once the inverse dynamics is conducted with acceleration from the end effector to the actuation,
t he doAl e nple O3] todld be pppliechwhich considers acceleration as the force with
mass and then by equilibrium formula the reactingcdsy moments along with driving
requirements will be calculated. An example of such applicatiofFHRBR planar robot is found

in [94].

The MATLAB Simulink software[95] provides the dynamic simulation for mdttody

mechanical systems, where the translao n a | dynamics is simulated
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and the rotational dynami cs i shewmeticalwdluastceultl b as e

be verified.

2.6 Trajectory and Interpolation

The motion of the manipulator end effector could dgisted for optimized performances. There
are some examples of such applications, such as the motor reduces driving forcegiraqnd dr
torgues with an optimized motion plannif@®], the operation time is saved with motion planning

[97] and[98].

The moton is adjusted by key points and needs interpolation methods to supply points between
two key points. An interpolation by splinessadopted to supply points at time interval for energy
optimization[99], another example uses Lagrange interpolation mdthroenergy optimization

[100]. The polynomial interpolation is easy to J%81] as it conveniently offers high degree of

derivatve equation to represent the displacement, velocity and acceleration.

A polynomial interpolation equation is given below, e 0 is a function of displacement
about time ab. The order of the interpolation equation depends on the number of conditions that

need to be met by the planned motion.
o dao a o E a (2.6.1)

(o6 i,io 0,i0 & (2.6.2)
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2.7 Optimization

The performances could be changed when some features or parameters are adjustedld hey

be adjusted to tune to the better performance. Such is known as the optimization.

The general aim of optimization is to find a global minim®2] of an objective (cost function)
within the search area. E. K. P. Chong eftlaB] introduced classal methods and other more
recent methods for optimization. For classical methods arsuitaible for highly complex nen

linear cost functions, genetic algorithm (GA) is often used for complex cost functions.

Here is the cost functiof2about the input variables hoo FE oo .
0 "Q whwFE (2.7.1)

The theory of genetic algorithm works as keeping only a group of best samples and mutating them
for next generation of competitigid03]. The input variables are the adjustable features in a design
or a motion planning while the output is the cost function. Redundancy offers the room for

adjustment without affecting the overall degree of freedom of thépuonators.

In some situations, it is not only one cost function that needs to be optimized.n3dtipde
objectives are sought together. The best result is not one single solution in these situations but are
a group of solutions that seek the best oblajective without sacrificing the other objectives. The
multi-objective optimization keeps a pardtont and updates the front in each generdtlod].

In an example of two objective optimization, there are two cost functions, probably conflicting.
Thetwo-obj ecti ve optimal results are a group of
optimized without compromising the other objectiwe.this way, the two objectives are both at

their best fitness without sacrificing the other. Similarly, wh&ore objectives are involvethe
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optimization would yield a group of optimal results where eashilt represents the best of all

objectives before sacrificing any of the objective.

The aims in a design are usually multiple and conflictiviglti-objedive optimization yields a
group of optimal resultsThe results are considered as equally good if there is no prefenence
selection of privileged objectiv®©ne needs to select from thptimalresults for a solution with

most suitable combination ofl @bjectives.

2.8 Chapter Conclusion

This chaptereviews the theoriesnd general process in manipulator design from a design task to
a design solutiolanalysisand finally the opportunity for optimization. According to this process,
it navigates anchtroduces th&nowledgein robotic structural design, modification, kinematic and

dynamic analysis, motion planning and finally optimization
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Chapter 3 ResearchMotivation and Methods

3.1 Research Motivations

Some commorplanarparallelmanipulatos such as Z-RR)R, and some commao2R1T spatial
parallel structures, such asRRS, 3PRS, 3RPS, are widely employed in many industries.
However, there is rooror improvement in their performances. These common structures need to

be modified re-designedr combined to achieve better performance.

Novel structures are needed for special operation requirements. The designs need to be verified
for actual degreesf dreedom and modified to come up with various DOF manipulators of similar

structure.

The impovement in dynamally balaned mechanismanddesign ofdeployableananipulator are

sought, where linkinterference need to be avoided and checked.

3.1.1 Dynanic Balancing

The moving centres of mass generate shaking forces and moment which couldlratiea and
noise. The dynamic balancing of robots is to improve the unbalanced conditions of robots and to

eliminate the shaking forces and moments duringan¢25].

Dan Zhang and Bin WdiL05] [106] [107] [108] classified the balancing methods inotiypes.

They are 1) balancing before synthesis and 2) balancing after synthesis. Many designs and methods
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are reviewed under the two types of balancing strategies. The main difference is the priority

between balancgand functional requirements.

1) Balancing before synthesis is reviewed in pafd€9]. This method, by definition, deals with
balancing first and then composes a structure with balancedacibanisms. The design examples
are: a planar four bar mechamigl10] and a design of-®OF mechanismvith three legs each is

a balanced-®OF balanced mechanigil1]. The adjustment of design may be difficult.

2) Balancing after synthesis is more straightforward. This method, by definition, deals with design
to satisfy the needs of functions and thddsabalancing parts. An example is the plarBCF
manipulator which is designed for its function first and thies added with counterweights for

balancing86] [112]. The adjustment of desigs easier.

The balancing could be achieved by passiveamtide means.

Passive means include adding counter in¢864[112], reconfiguration that converts part of the
functioning body to balancing mad95], or sometimes optimal adjustment that is not seeking a

complete balancing but reduced shaking foeses moment§l13] [114] [84].

Active means include motion planning and driven balancers. Some designs are @roddaing
counter forces and counter moments under control to cancel out the shaking forces and shaking
moments, such as alBOF planar balacer[115] and a 6DOF full balancef116] designed to be

attached to unbalanced sources.

Some designs integrathet passive and active balancing means together. A plaR&RR3
manipulator has counterweights attached to the legs so that the centre &f statssnary while

the shaking moment is balanced by an actively driving flywfidél]. A group of 2DOF, 2DOF
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and 3DOF planar mechanisms are designed with passive counterweight force balancing and active

rotation for moment balanciri@18].

One need to consider the nature and property of different balancing means.

The passive balancing needs to attach countess on each leg. However, hiDIOF parallel
manipulator has multiple legs so that the counter mass may require more installation space which
could leads to interference and smaller workspace. Furthermore, the passive balancing assumes
that the load is catant during operation. Tasks such as fainkiplace could not be completely
balanced by passive balancing. The passively balanced mudtyslédr higher degrees of freedom

may have higher collision or interference chances, thus may need to be avostead,| the
combination of two balanced low degrees of freedom mechanisms could be a replacement. And
unnecessary weight on legs or on platfehould be avoided in passive balancing design, because
this will multiply the counter mass weight on legs arlcesamore energy. For this reason, serial

type hybridizing should be avoided since the weight on platform is largely increased although the

workspace is large. The passive means is mainly applied in force balancing.

Active balancing increases the contdifficulties because the reéime calculation of shaking
loads is difficult Besides, there will be local deformation or local unbalancgd®st the shaking
loads source and balancing loads. For this reason, active balancers need to be located where they

could isolate the shaking source from the working tabke fgure 3.1.1)
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Figure 3.1.1 The shaking loads and balancing loads on a.frame

According to the above analysis, passive and active balancing means are recommended to be
integrated for better balancing effects, such as passive force balancing and active moment
balaning for manipulators with revolute joint$he shaking forces apmssively balanced at the
revolute joints while the sensing and ré&ate calculation of shaking moments at the driven joints

are relatively easy as ftine active moment balancekink interference and energy consumption

need more research as additiobalancing components are required étynamic balancing.

Motion planning should be considered when allowed. For balanced operatighén mobilities

the combination of two lower degrees of freedom mechanism could be considered.
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3.1.2 Deployable Strutures

The challenging outdoor weathers such as storms could damage the structure especially when the
structure has a large face that takes the wiaddoThe storms are frequent in tropical regions
[119]. In North America, solar panels destroyed by sware heard in news or websji0]

[121]. Besides the weather, the indoor compact manufacturing space may also require the structure

to be folded t@jive way to other machines or workpieces that pass by.

The design that could be folded are known asaygtile structures. The recent research shows the
design of IDOF deployable platform which is used for liftifi22]. And another research shows
the deign of multtDOF configurable platform with deployable feati2]. In both cases, the

limbs are in fixed vertical planes, perpendicular to the base.

There are some structures that have the potential to be modified as deployable parallel robots, but
the development for deployable feature is not discussed in these designs yet. A serial arm is
connected tohe platform of a parallel manipulator whose limbs are in fixed vertical p[&6&s

so that the lower parallel stage could be folded. The 2T1R farhttyreelimb HALF [123] and

HANA parallel robotg[124] have the limbs in three fixed vertical planeseT@DOF 3RUPU

parallel manipulatof125] which has limb in mobile vertical planes. The sealion rof&$ are
designed with ©DOF, 5DOF and 6DOF which have the limbs in mobile vertical planes. In three

leg robots with more than three degrees of freedbmlimb has at least two actuators. When the
actuators are arranged in series, one actuator will take the weight of the other actuator. However,
when legs are increased, there may be a small workspace or interference probIRHHRE7]

is a design wh two parallel actuations in each limb for-®®F 3leg parallel robatThis kind of
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integrated joint is newly develop@d which moredataon its performance might be published in

the future

The research for mulDOF norconfigurable platform depi@ble parallel structure is rare. Some
common designs of parallel manipulators, such as those fromRIFRRIT family, have nen
configurable platfan. They need to be 4@esigned for the deployable feature in applications

where this feature is needed.

While 2R1T parallel manipulators aredesigned for deployable feature, the design method could

be expanded to design higHeOF deployablegparallel manipulators. Using the modifiedkG

formula to make a disseminateekKormula and applying the motiontsentersection for parallel

structure, one could choose the end effector motions for the design through the mamkthjg
thedegreee f freedom need to be verified with Jacot

development process as Jaiem matrix is needed also for stiffness calculation.

3.1.3 Link Interference

The parallel manipulators have several limbs. They havecekaof colliding with each other
(internal interference) or colliding with external objects (external interferembe)interferences

need to be avoided. This dissertation will analyze the link interference (internal interference). It is
significant to reluce the chances of the link to link interferences as this affects the volume of
workspacd126][127][128]. The mse should be interference free when evaluating or optimizing

the workspace.

When links are modeled as lisegments, one needs to calculdie shortest distance between

two line-segments. The distance between two-8agments in a certain degree ofpas given
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in [129], where the relative orientations and arrangements of the twsdgrmaents need to be
discussed and sorted in some cafsesfurther discussion. However, the links are not -line
segments, because they have width and thickness. Somechesehave modeled the links as
cylinders with a radiug130] [127] [131], and the distance calculation depends the relative
orientations ath arrangements of the two cylinders. The algorithms are based on discussion in

categories.

Besides the interfereaaletection algorithms, some design methods can avoid interference. As is
researched ifiL32], the 3RRR spherical parallel manipulator desigroposes three design tips to
avoid interference. AnflL33] also concludes that multiple layers, link shapesitj@placements

as the methods to avoid interferences.

The methods and relevant design examples are given in the following.
(a) modify link shape on the same laj/E33].

(b) put links on difference planes.

(b.1) the planes (layers) are parallel toreather[134].

(b.2) the planes are intersecting.

(b.2.1) the intersecting planes are perpendicular to the moving pladacas in EDOF 3-[(2-

RR)SR] [66] or 6-DOF 3USR[62].

(b.2.2) the intersecting planes are perpendicular to the base, sSndROF 3-RRSor 6-DOF 3-

[(2-RR)UU].
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(c) some special joint such BEIHR [67] that contains two nenonflicting motions. This example
is also applicable in (b.2.2). The RU pair of joifit85] is designed to have a larger motion range

and is equivalent to spherical joint which is usually limited in motion rafd86].

When desigrand its workspacaredetermined, motion planning is also an option to avoid link to

link interferencg137].

Large number of links in thred@imensional space take longer timanterference detection. The
design should avoid link interferences whersgible and make detection easier. The design and
detection methods will be discussed on 2R1T manipulators and{idghteparallel manipulators.
The highDOF manipulator could arrge the limbs in different vertical planes or parallel layers

to reduce thel@anges of interference while making the detection easier.

3.2 Design Methods

Considering the needs for dynamic balancing, deployable femtdiaterference avoidance, the

pardlel robots with limbs in vertical planes satisfy these requirements.

The R1T 3RRS parallel manipulator could offer 2 rotations and 1 translation and ideal for force
balancing with the revolute joints. The moments are balanced by flywheels abovBR% 30

the area under the-BRS robot is free from shaking forces and shgkinoments. With a
combination to a balanced planar parallel manipulator, they could form a pair of large workspace
balanced manufacturing machine. The planar balanced paraligusércould be RRR or(2-

RR)R, because the revolute joints are ideal fwcé balancing and they could have an active driven
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flywheel for moment balancing. TheRRS have limbs in threlatersectindixed vertical planes,

which could reduce the chanagfdimb to limb collision.

The 2R1T 3RPS or 3PRS have limbs in three fixed vertical planes which shares the same design
feature of those deployabledOF table[122] or a configurable platform parallel manipulator
[22]. The 2R1T deployable robots cowddrve the duty of solar tracking and lie flat séormy

weather protection.

platform plane Po

connecting joint Pi

vertical plane Vi

horizontal plane Ho

Figure 3.2.1 Higher DOF manipulator with mobile vertical plane on horizontal planar

mechanism.

When designing deployable parallel robots of higher degrees of freedomyvéxezhl planes
could be replaced with mobile ¥eal planes on horizontal actuators. The horizontal plane could

take parallel actuations to avoid two actuations in serial arrangement in one limb. When a limb has
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two actuators, the desigiwuldput all acuation weights on the basehe loads and actuah duty
need to be evenly distributed, and the limb needs to be tough in holding Wéigtgtfore serial
type hybrid manipulator is not consideréar parallel type hybrid manipulatortfie two actuators

are aligned in paralleln base for each limb.

3.3 Evaluation Methods

The design is going to be evaluated for performances such as workspace volume, stiffness and

energy consumption.

The workspace volume is to be evaluated with inverse kinematicséiyndi the eligible end
effector positions. For &r tracking applications with 2R1T manipulators where the translational
motion is redundant, minimum platform height algorit{imersection of possible solutions)
developed that could rapidly search &ligible workspace for 2R1T solar trackers. In RipOF
manipulators, where the horizontal actuations are arranged in parallel layers, only eligible pose
without interference could be counted to evaluate worksp@be boundary offset method is

developedor same layer interference scan.

General stiffness summation is taken as an overall evaluation index for stiffness in multiple
directions[14]. Modified Jacobian matri%L- is derived from classical Jacobian nmx L for

stiffness evaluation idirections other than the global coordinate axes.

L, L LEL Lo & (3.3.1)
LoLLL Le 4 (3.3.2)
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Energy index is taken to evaluate the energy consumption where many articles are taking actuation

force squared or torque squared as the index of energy consufdadpfiL39] [140].

3.4 Applications and Optimizations

The folowing chapters will present the designs and analysis of adaf#RR)R or (2-RR)R
balanced robot and-BRS balanced robot where the dynamic balancing and optimal energy
consumption problem will be discussed throsglucturaladaptive features and motion ptémg.
Furthermore, the two balanced manipulators are combined for higher DOF balanced operations.
Theadaptive 3PRS and 3RPS robots from the 2R1T family are-designed for applications as
deployable solar trackers and multiple objectives are optimizeel deployable design has been
expanded to higher degree of freedom, where hybrid parallel manipuligitolimbs in mobile

vertical planes on horizontal actuations are discussed and the designs are optimized for multiple

objectives.

Thedesignobjectivescan bdarger workspaces with given platform orientatiomsnimum sizes
andminimum lie-flat height while operational objective can minimum energy consumption,

and higher stiffnesdependant on what are demanded in a certaimtiisk may be differat from

task to task The design objectivegsually take structural sizes as inputs to the optimizat
problem, while the operation objectives usually take adaptive variables as inputs to the
optimization problem.Therefore, the optimizations in manysea argracticedn two stage. The

first stage is @esignoptimization to decidelesign parametef$or examplethe geometric sizes

of links). Once these sizes are decided, they becomedixed The second stage is an operational
optimizationthattakes advantages tifie kinematic redundaw or structural adaptive features of

30



a design tofind an adjustmentthat is optimal to a certain taskBoth design or operational
optimizations could be singlebjective or multiobjective.But theywould be betteto bedone in
two stages. If both desigrapameters and the adaptive parameters are optimized together, the

computation time may be exponentially increased.

3.5 Chapter Conclusion

The motivation is to design various DOF dynamically balanced or deployzdniallel
manipulators with less link intkerence. Structures with limbs in vertical planes satisfy the
requirements. This includes arranging the parallel limbs in fixed vertical plafi2®F32R1T
manipulators) or mobile vertical planes with parallebiatibns on horizontal plane (higher DOF

manipulators). The horizontal planes could be arranged in layers to avoid interference.

Minimum platform height algorithm, link boundary offset, modified Jacobian matrix, and torque
squared are the methods that eaté the performances of the design. Wtien performances
have room for further improvement, the structure could be adapted, or best design parameters

could be found through single or multi objective optimization.

The applications are manufacturing amergy harvesting. The designs will be dersiwated in

the following chapters.
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Chapter 4 Dynamic Balancing for Various DOF Motions

4.1 Chapter Introduction

The moving inertia of unbalanced machine brings about shaking forces and shaking moments
which could cause vibration and noise. Fipalt affects the precision of manufacturing. Dynamic

balancing is demanded to provide a solution.

This chapter discusses the dynamic balancing of common parallel manipulators by passive force
balancing and actermoment balancing, because the motorutescare easier teeactively sensed

and balanced. Due to the additional balancing componetiss ipossibility of link interference
andtakes more energy to drive the systdihe configuration change is suggeste the design

for interference avoidancé&tructural adaption and motion planning are discussed for energy

consumption minimization.

A first example of an adaptive planaD®F (2-RR)R parallel mechanism is demonsadf where
the effect of adaption ab@ is examined for minimizing the driving energy. This machine can be

modified to be a-®OF (2-RR)R balanced planar mechanism by serial type hybridizing.

A second examplis an adaptive 2R1T-BOF 3RRSparallel mechasm. The effect to minimize
driving energy is compared between structure adaption alone and structure adaption with motion

planning. The theoretic dynamic model is verified by Simulink software.

Finally, the combination of the two machin€aRR)R and 3RRS, for a dynamically balanced 6

DOF manufacturing machine is discussed.
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4.2 Theories and Methodologies

For (2-RR)R and 3RRS robots the mass and counter mass are passively balanced about the

revolute jointswhile the moments aractively balanced by flywheel

The configuration needs be changed to avoid link interferend@e middle joint angle needs to
be reversed to avoid the counter weight collision. In figure 4.2.1 and figure 4.2.2, the middle joint
angles of2-RR)R and 3RRS are reversed in siigure (b) as compared to theginal designn

subfigure (a).

D6Al embertdés principle is used to cahtnel ate t
steps of the planned trajectoitructural adaption and motionaphing are applied for optimal

energy consumption.

(a) (b)

Figure4.2.1 Planaf2-RR)R design (a) convex (b) concave.
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(a) (b)

Figure 4.2.2 Spatial-BRS design(a) convex (b) concave.

4.3 Planar Dynamic Balancing

This section presents a dynamicallyidmeed planar parallel manipulat¢2-RR)R robot, with
structuraly adaptive design which can be adjusted to minimize the overall energy consumption
required to complete a defined cyclic motion of the end effector. The genetic algorithm is adopted

to search for optimal adaption that results toimum energy consumptiohe(2-RR)R robot
discussed in this section has shaking forces passively balanced by counter masses, and the shaking
moments actively balanced by a flywheel. A balanced mechanism eliminates noise and vibration
however may requiredditional driving energ due to its additional balancing components. As for

a defined motion that ought to be repeated in cycles, adaption could be an energy saving strategy

when alternating the motion is not applicable.
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4.3.1 Planar(2-RR)R Mechanism Design

The(2-RR)R plana mechanism is designed with two degrees of freedom in4@eYXplane, that
allows the end effector to move in x and y axes independently. It has two articulated legs, which

are driven at the base revolute joints as is illustratédjure 4.3.1.

countermass 2 extension 2 vertical wa7 horizontal wa link 2
II
f end revolute joint
j end effector
|
: ||l| countermass 1
= <Ly
flywheel = S ‘
GRS :
(//"‘\9 extension 1
moment ‘%’ link revolute joint
i \/
Q—@ ¥ .é“'_:\.‘ link 1
:l!'l' 5‘%\
4&( S link 3
' 15 SN
( " ),
= extension 3

countermass 4
countermass seat

extension 4 base revolute join link 4 countermass 3

Figure 4.3.1 Mechanical design.

The leg carries counter masses for forces balancing, so that the mass center of each leg is located
at the base revolute joints. A flywheel is controlled to actively balance the momerDil X
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plane. Eah base revolute joins mounted on a stage that is able to adjust its position along the
horizontal (x axis) and vertical (y axis) ways, which changes dynamic properties. Industrial
engineers can reposition the input joints based on the defined motioa efd effector. Thes
stages will be locked from moving once the positions of the base revolute joints are determined.
During the end effector motion, the adaption is locked so that the input joints positions are fixed.

The structurean bewritten in full as (2PPRR)R.

4.32 Inverse Kinematics and Dynamics

The (2-RR)R robot is a rigid parallel robot thus the inverse kinematics method is practiced to
calculate the mechanism pose from a given end effector position (figure 4.3.2 (a)). The rigidity

applies to the velocity aratceleration calculations (figure 4.3.2 (b)).

The input revolute joints are dt and|| , and the end effector at positia The positions are
represented by vectors from coordinate orihinThere are two identical legs, whéfe p € ic

represents the index of leg.
S BRCTRCTI S o S (4.3.1)

With these vectors, the angular displacements of the input joints are calculated.

Y- i o dils
0O WwE p Al O AT (4,3.2.a)
Where,
sl s=ms aandss|is s|ips & (4.3.2.b)

The positions of revolute joints and= are given below.

36



F= Eff a AT-© OEF m (4.3.3)

(a) (b)

Figure 4.3.2 Kinematic analysis.

The values of the angular displacemerdgsd to be judged to determine if the given end effector

position |f is reachable. Only eligible pose is considered for further analysis.
The velocity relationship between the end effector and the input jointsvare g
o = os = o2 (4.3.4.3)

Since the end effector has two degrees of freedom, its velocity has components along x axis and y

axis. The angular velocities of the two links on each leg are obtained.

o) mmn o+ gy T (4.3.4.b)



The angular velodis of the links are needed in acceleration analysis.

The angular acceleration of the links can be calculated through the end effector acceleration.

= 2 = e sl (4.35.2)
H (4.3.5.b)
ey T (4.3.5.0)
The acceleration of poirff is &,
F= = 05 =S oos b= (4.3.5d)

o i T (4.3.5.e)

Since the end effector hasdvdegrees of freedom, its acceleratihnhas components along x

axis and y axis. The angular accelerations of the two links on each leg are obtained.
)'”i m T — h m T —xj (435b
The inertias need to be given to determine loads and actuation forces.

Counter mass &y, is at pointy ; counter mass & , is atF ; counter mass & , is at point
r ;counter mass 4 , is atF ; and tle end effector mas§, , is at point}. These are modeled

as concentrated masses.

The four rotating bodies of tfg-RR)R robot are aligned with vectoss ||, 1 .= g and= g,
have masses noted@s ,a ,& ,anda respectively, excluding the counter masses and the
end effector mounted on them. These masses are modeled as evenly distributed along the vectors

with the center of mass at the rotating axis of the bar.
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For the linksy ||, siccess s ssffsifa -a |, the centripetal forces and the tangential

forces are cancelled. For the links=, sinces|i=s §|igsifa -a & & ,the

centripetafforces and the tangential forces are cancelled. The WAR&)R robot is completly

force balanced.

Rotational inertia of linkgt- [ about revolute joint-with all masses loaded on it is denotedas
© —a «ca a a -aa (4.3.6.a)

Rotational inertia of linksg= about revolute join{|:- with all masses loaded on it is denoted

asoO.
0O —4& o ca o (4.3.6.b)

At the revolute joint of end effectdr, the two legs are connected. A forggacts on links= |s
its reaction force 5_acts on links= |fs The mutuaforces form the moments around joist

and=, which cause the angular accelerations.

One could consider adding a rotation to tHiBQ@F motion by adding a rotary motor that exerts a

momentd _around z axis on ling= |fs The output torge of this motor is|_ ¥ _ This

makes it a DOF planar hybrid mechanism. If there is no extra motor addeddthen
= - ¥_ 0O»_h (4.3.7.3)

= 3- 0 (4.3.7.b)

The forcesj— ands_ act on linkss= |fsands= |fsrespectively.

- 9= 6 = a F -6 R (43.7.c)
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= 9= 6 F 4 F -6 Ffo (4.3.7.d)

The forces; | -act on linksg|| ;= sfrom the base join{};.

U A= @ F (4.3.7.e)

As the forces are balanced for both legs, only moments are remained to be balanced. The driving

torques around the input joinflg and ||, are given as below.

i = 3=2 00y (4.3.8.9)
The third torque|| is controlled to balance the overall moment on the base.
1 (4.3.8.b)

The energy consumptiaof direct current electric motor consists the mechanical energy and the
heat los§141]. For each of the three motors in the balan@e@R)R robot, the supplied power is

formed by two parts as described in the equation below.
5) %) )Y, i=1,2o0r3 (4.3.9.a)

The back electromagnetic force is proportional to the rotating speed of the input jointspwhere

is a constant parameter of the motor.
% 01 , i=1,20r3 (4.3.9.b)

The current is proportional toehtorque exerted around the input joints, wherés a constant

parameter of the motor.
) + 03y, i=1,20r3 (4.3.9.0¢)

The mechanical energy consumption is from the back electromagnetic force andehe cu
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%) 0 +1 O (4.3.9.d)

The rest of the energy consumption is the heat losshwé proportional to the current squared.

As the current is proportional to torque, the heat loss is proportional to the torque squared.
) Y o+ 20 (4.3.9.e)

The acceleration of thaput joints consumes electric energy while the braking by reversing plugs
generates electric enerfiy42], which is reflected in the back electromagnetic force.(ZHRR)R

robot is accelerating and braking during the cycle of motion. If the frictioot isamsidered during

the motion, the energy consumption is the total heat loss on the resistances of the motors, which is
proportional to current squared. Current squaredom@ue squared, has been considered as the
rate of energy consumption based agoathm in[138] [139] [140]. The integration of the rate

over time is the total energy consumption of the robot.

Torques] and{ actatjoints||; and||,; 4| actson the flywheel for moment balancing. Power

0 is proportionato torquefj; squared.

0 ) YO R Y (4.3.9.1)

4.3.3 peration Optimization of Energy Consumption Index

Since the dynamic properties change as the posiﬁorand || arerelocated, a singlebjective
optimization is run for optimal| and|| positions that lead to least energy consumption for a

prescribed motion.

With the design parameters giventable 4.3.1, the dynamic simulation can be performed in

MATLAB.
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Table 4.3.1 Th€2-RR)R robot design parameters.

Symbols Units Values
a kg 0.2
a kg 0.1
a kg 0.3
a kg 0.1
a kg 0.1

a m 0.2
a m 0.2

The end effectairavels in cycles along a clo$®op trajectory thais 0 in length. Each cycle takes
period time“Yto travel.”Yis evenly divided to n pieces of steps, each with an index number j. The
magnitude of velocityo_ is constant. At each step marked by j, the kinematic and dynamic index

are calculatedavith respect to time.

Table 4.3.2 Trajectory parameters.

Parameters Values
0 & @
Y oDi
€ 360
o T G T
Starting point 8t T T8
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Two examples, a triangle and a feagmicircle closdoop trajectories, will be practiced vdhi are

required to obey the parameters given in table 4.3.2 for simulation.

The cost function of energy consumption is the summation of power consumptionirfdex
all division points during the motion. It is assumed that the tor§ued andd| have the same

electric parameters so that the three torques have same weight in the cost fGnction
N N N N andQ B (4.3.10.a)
Q Q (4.310.b)

Due to the complexity oiQQ genetic algorithm is a suitable optimization process and is run by
MATLAB optimization tool. The positiong| and | are allowed to be adapted within the
adjustment range of the horizontal and vertical ways, which determines the constraints of the input

variablesw p* wT given in table 4.3.3.

Table 4.3.3 Optimization variables.

Parameters Values and range
El Bt Pp TR UL D¢ TEr
El W @0 T OT T8
WP 1o T8 O
WC T8t 0 T8t O
Wo T8t 0 T8 O
Wt T8t 0 T8t O

Only the simulation result that can finish theteps are eligible for selection. The |le&stnd its

resultswp* w1 are tracked as ¢hbest fitness and are compared with upcoming results from
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trials. This will only be replaced once better fitness is found. The optimization terminates after all

generations of candidates are attempted.

Trajectory 1 parameters are giventable 4.3.4. Té trajectory is a closeop triangle. The
pointsu , 0 andu are the three vertices of the triangle. The end effector starts the mation at

then moves to , and then , finally returns tad when a cyclic motion is complete.

Table 4.3.4 Trajectory 1 parameters.

Parametes Values
EL et T T T8
|=|L T TI& ¢ T8t
L T8 T T T8I

The trajectory 1, and the results are plotted in figure 4.3.3. The values of original and optimized

results are given in table 4.3.5 for trajectory 1.

Table 43.5 Original and optimized results of trajectory 1.

Parameters Original values Optimized valus
x(1) 0.0 -0.028
X(2) 0.0 0.029
X(3) 0.0 0.03
x(4) 0.0 -0.03
Q 0.375 0.12538
Optimization efficiency 1-0.12538/0.375=66.57%
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Trajectory 2 parameterseagiven in table 4.3.6. The trajectory is a clusep with four semi
circles. The pointg , |, F and | are the centers of the seniicles with radiugy , 'Y, Y
and’Y respectively. The first seraircle route iSrom “ to O clockwise; the second sewircle

route is from" to ¢* counter clockwise; the third sewircle routeis from “ to ¢“ counter
clockwise; the fourth sentircle route is front“ to“ clockwise. The end effector starts from the
first sem-circle route, then second semicle route, then third seraircle route, finally the fourth

semicircle route andeturns to the starting point of the first setircle route.

Table 4.3.6 Trajectory 2 variables.

Parameters Values
Y ™ §"
Y T8t "
Y T b
Y T8t ¢
FF T {8 T8t
EE ™ I T8U T8
FE T® p* TEU B
EE T8 ¢ TBU T8

The trajectory 2, and the results are plotted in figure 4.3.4. Thewalf original and optimized

results are given in table 4.3.7 for trajectory 2.
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Table 4.3.7 Original and optimized results of trajectory 2.

Parameters Original values Optimized values
x(1) 0.0 0.029
X(2) 0.0 0.03
x(3) 0.0 0.022
X(4) 0.0 -0.029
Q 8.8623 5.5890
Optimization efficiency 1-5.5890/8.8623=36.94%

For trajectory 1, joint relocation is able to save 66.57% of energy within constraintisajéctory
2, joint relocation is able to save 36.94% of energy. If both trajectories are to btedejpelarge

number of cycles as in production line operations, the saving in energy is remarkable.
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4.3.4 Redesign to be(2-RR)R for Planar 3-DOF Operation

At the end effector, a driven rotation could be added to maket@R3planar hybrid manipulator.

The balancingveight and balancing moment are to be adjusted accordingly.

4.3.5 Section Conclusion

The dynamically balance@-RR)R robot is free from \bration and noise problems, however it

has additional mass and balancing components which cause the machinendéoebenergy
consuming. Through repositioning its input joints on the base, the energy consumption can be
minimized without the need to chantie motion of end effector. Two trajectory examples with
defined motion have been conducted and the optimizaffamency is obviousThe optimization

effect is dependent on trajectorig$is method may effectively save energy for robots that repeat

a gven cyclic motion and it is easy to adopt. Its applications may be developed in automated
manufacturing plantat largely rely on robots, as to promote an energy saving and environmental
friendly production. This mechanism could bealesigned by addingn actuator at the end effector

to make a DOF (2-RR)R planar mechanism.

4.4 Spatial P*U* Dynamic Balancing

This section discusses the adaptive relocation of a manipulator joints and motion planning as
methods to reduce energy consumptionoinotic manipulators. A-RRS dynamically balanced

parallel manipulator is designéat manufacturing operati@and orwhich numerical simulation
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is practiced for demonstration. The dynamically balanoshipulator contains additional
balancing componestand requires additional enengyactuationwhich makes energy problem
significant.It promotesenvironmentfriendly green operations ahanipulatorsn energy saving
throughoptimization ofadaptivejoint locations in supplement to motion planningganvhile it

eliminakesvibration and noise problentyy dynamic balancing

4.4.1 A 3RRS Mechanism Design

In figure 4.4.1 the 3RRSis composed ofhree identical sets of arntisathold the platformand
move itin 3D space. Each arm &tuatedoy the motomwhich is seateih the motor box. Each
arm has two linksvhich aretheup arm andhefore arm. The up arms driven ty therotarymotor.
Thefore arm is a followewhich isconnectedo theup armwith a revolute joineindis conneced

to theplatformwith a spherical jointCounter masses are attached to armther extensiorparts

to locate centers of gravity at réute jointsto achievepassive force balancing. The total moment
needs to bactively balanced by flywheeishich areactuated by two motors on the roof tiop
two orthogonally aligne@dxes.The heightof eachmotor boxis adjustableand selflocking by the

vertical leadscrew The structure can be written in full aPBRS.
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Figure 4.4.13-RRS robot design.
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arm 1

arm 2

Figure 4.4.23-RRS robot modelling.

4.4.2 Inverse Kinematics and Dynamics

The inverse kinematicand dynamicg4] [90] is employed forposition velocity and dynamic

analysis

In figure 4.4.2, each arméetin afixed plane. Theotationmatrix [F- aboutaxis », that transforms

frome. k», to e

coordinate system afach plangis given below. LetQ'Q pltfo be the

index ofthethreearms.
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O8I i REm
i ogi = (4.4.1.3)
Tt Tt p
Thegy, g andgg, areunit vectorgarallel totheglobal coordinate axes , « ., and»., respectively.
» p T T ,m p T T ,m p T T (4.4.1.b)
Theactuatedotational joints arén position || -

Fl. 1AIOTOET & (4.4.2)

The 3RRS manipulator has 3 DOEFShe platform hasits centerat point g which has two
orientation motions— , — , (— ), and three linear motions, &, & . The variables— ,

— , a areindependeninotions, while @ , & arefollowing mations

Theorientation otheplatformis given as rotatiomatrix4 in global coordinatdts rotation angle

— — — s aroundunit axis vectorry, 0 O T, where6 —, 0 —
[143]
w— 6 p A— 660 p A— 6 i—
3 66 p A— w— 0 p A— O6i— (4.4.3.a)
6 i— 6 i— &

Thetriangle platform haghreevertices|}-that |- 4. [ fis perpendicular tthe «  axis,
whered.. 4 01 Al O1 OET 1 . Therefored and from fr ® @ @ are

calculated

Frm OFF |Fm 04 FF ™ (4.4.3.b)
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The rotation angles- — are calculatedn each set of arneccordingly, andhe solution need

to satisfykinematic criteria to be an eligible solution.

— Al om=k (4.4.3.)
— e (4.4.3.d)
where
XA SE S
i Al O—q7+ (4.4.3.€)
OET [E (4.4.3.1)
SEIE T

The positions of=; Fand - are calculated as below.

AT-O

== ] F O | (4.4.4.9)
O Ed

Fee El —=I- (4.4.4.b)

Fre = —= (4.4.4.0)

The compliant angle at joirt from e axis in |- coordinate is calculated.

—  Ai o=k = (4.4.4.d)
Some criteria need to matisfied Only meaningful resultsre selectedrom pose solutiorio
avoid singularity and collision.

Criteria 1 judges whether a real solutm@fiipose can be obtained.
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a a 9. lks (4.4.5.a)

e 1 4 (4.4.5.0)

1 (4.4.5.d)

Criteria 4 ensureg keep a distance from the axis as to avoid arms collision.

Fro Fre9s G ©Q (44519
Criteria 5 limits actuation angle within operational range.

— - (4.4.5.9)

Criteria 6 ensures that is under ceiling, or is above ceiling but notiching the ceiling.

FroGe Q (4.4.5.h)
or,
= ‘ .
Qug— G | (4.4.5.i)
where,
Qoo — i _ (4.4.5.j)

i shors 3w

Criteria 7 ensures thakt is above the production line surface.
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G @ (4.4.5.K)

Once the criteria for eligible pose aj@en, an optimization is run for largivorkspace in defined

boundary. To reduce the overall machine weight by design, let balancing arm be in same length as

operation arm.
The linear velocity of poinﬂgg;iis owhichhas a relationship witb_ W W « ando

— — — o 0g =| oy The velocityo_is perpendiculato the«: axis.

rm = |Frm Oog 4 op (4.4.6)

Also, the Inear velocity of|[.can be expressed biye angular velocitiest joints=-and || ; as

o. - The angular velocitiesy . — Or.andoy. — Or.can becalculated

ot o4 |= o4 =] (4.4.7)

Fme = | = (4.4.8.2)
F e [rm (4.4.8.)
The linear acceleration of poifft-is$_ which has aelationship with,  ® & & and

‘g T T — . = g 1 0, 0, 4. 4 Acceleraion . is

perpendicular tohe « - axis.

rm Of= rm O'g 40 0 op 4 Hi W (4.4.9)

Also, the Inearaccelerationf ||.can be expressed byeangular acceleratioatjoints=-and || ;

as+.’: The angulaacceleratios » 4+ — Oandyy . — O-can becalculated

= R4 =k ey 0 = (4.4.10.8)



e oy = o0p oy | = (4.4.10.b)

Fm O |Fm OR (4.4.11.9)

Fm O~ |Fm O (4.4.11.b)

The angular accelerations. .and» m are in«.axis.

(4.4.11.3

(4.4.11.49
In similar way, theaccelerations of the counter masaesild be obtainedaccordingly.

OneouldapplyD6 Al embert ds princi pl e [98]oThe nfaser e, and m
a ,andd are concentrated gpints [, || r-and p: The mas$ andd are evenly spread

alonglinks [}

The forceq gand the momend o ar€ the overall force araverallmoment acting on the platform

by theinertia.

e B F G K R (4.4.12.a)
1o B 4. = f 4 (4.4.12.b)

Forceq . thatactson the platformat point |- from the armsauseshe overall reaction g and

I on platform.
m B A= (4.4.12.c)

1. B 40 9= (4.4.12.d)
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The moment on the fore arm is balanced about jsint

=k 9= @ =r T fa 4D @ (44133

The force on the fore arm is also balandétk forcey +;§§;s from up arm to fore arm.

T+ T =|=';:z;i; =|1 a =|=+ i =|=| o (4.4.13.H

The forces on up arm is balanced.

40 9+ R/ G RG (4.4.13.9

The force and momeiatctingon the fore arms artthe up armsshallbe balanced witthe inertia
and acceleration given abtainedfrom above, at=:and ||:; The actuationtorquesq- are

calculated s  -is the angular acceleration abeevolute joint at| .« The magnitude value of the

is™.
1 e Ol= 3+ lr ®m wa 240 (@4na
A e (4.4.14.)
The total moment on baskee frameshould be balanced witm, thus the total moment on base

the frame would be zero at all time.

d

A

] 4 (4.4.14.0)

The balancing momelfﬂ_H should beoutputby thetwo balancers (flwheels) ine, and«. axes

respectively.

Y {43m (4.4.14d)
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Y A43m (4.4.14¢)

Mechanical energy and the héagsconstitutethe total energy consumption of a DC motor. The
transformation is reversibleetween electric energy and mechanical enaidyenthe friction is
neglected, the energy consumptionsiglely theheat loss on thelectricresistances of thBC
motors which is reflected by tlaetuationtorque squaredaccumulatedveroperationtime. The

instant pwer ||—|s proportional taactuationtorquer); squared.

0 ) YO R Y (4.4.14.)

4.4.3 Design Optimization

An optimization forargestworkspace ionductedor the design based ohe parametergiven

in table 4.4..whichconsiders h e ma n isgacelreguireamerdss

Over the expected search area forttireemotionsof the end effector which are- [-1.5, 1.5],

— [-1.5, 1.5],& [0.5, 1.0], thedesignparametrs are optimized frortheir evaluated ranges

Table 4.4.yives the results of the optimization for largest workspace.

Table 4.4.1 Design parameters.

Variables Units Values
i m 1.0
i m 0.3
Q m 2.0
| rad 0.75" 1/ 3
| rad 275 | 3
| rad 4. 75"/ 3
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Table 4.4.2 Optimization constraints aedults.

Parameters Units Ranges Results
i m [0.05, 0.1] 0.07
& m [0.2, 1.0] 0.79
a m [0.2, 1.0] 0.733
a m [1.0, 1.7] 1.394

Thei , &, & are thenonadjustable design parameters, whileis an adjustable parameter that

could beadaptedhus its value obtained hewould be consideredas a default value for largest

workspace. Theesult of theworkspace is visualized with an enclosedwex hull in figure 4.4.3.

08

0B

Ze (m)

0.4

05

s - B T = : 15
] - ‘ . 05
Oey (rad) ] ] 05

Oex (rad)

Figure 4.4.3 Largest workspaceibya , & andda .
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4.44 Operation Optimization of Energy Consumption Index

In table 4.4.3, the end effector travelsaectory wherghe three motions— ,— andd areeach
expressed in a unique polynomial functiarith displacement 0 , velocityi 0 and acceleration
i 0. In table 4.4.3the optimization variables aré»* @ , where ®* @ set theadaptive
relocations @ || ~byd . The key points of timéx 0 areset in the columnAt 0, 0 ando, the
displacement and velocity allow no alteratimnall. At 6, 6, 0, motion plannings optionally

allowed withw* @ .

o OGO ®wo E &6 o (4.4.15)

0 0 0 0 0 0 0
0 0 1 2 3 4 5 6
— 0 0 @ 0.7 W -0.5 W 0
— 0 0 NA 0.2 NA 0.2 NA 0
— 0 0 NA NA NA NA NA 0
— 0 0 @ -0.8 W -0.6 @ 0
— 0 0 NA -0.4 NA 0.3 NA 0
— 0 0 NA NA NA NA NA 0
a o 0.5 w 0.6 w 0.7 w 0.5
a o 0 NA 0.1 NA -0.1 NA 0
a o 0 NA NA NA NA NA 0
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Based on inertial parameters in table 4.thé rumerical simulations are conducted

Table 4.4.4 Inertial parameters.

Variables Units Values
G Q'Q 0.733
G Q'Q 0.790
a 00 1.733
a 00 0.500
a 00 0.900
a 0Q 0.200
0 Qo 0.1313
0 Q 0.1643
i a i T G

The energy index objective is accumulatwih the power indeover time. The whole cycle of
motion need to bedivided to fine steps of timey ¢ nodes (0.01 seconds apart), and the torques

need to bealculated at eadtivision node. AtthenodeQthe energy indexQ is the accumulad
valueof power index ] sincethe start nodeWhen itcompletesa cycle at thdinish node,the
cost function™Q  Q ‘Q thatreflects the total energy consumption from the start node to the

finish node. The genetic algorithm waptimizefor the minimum value ofQ

A 4 4 4 4 4 (4.4.16.a)
Q B q (4.4.16.b)
Q Q (4.4.16.0)



Three runs are defined according to constraiitsong the three runs, run 1 takak default

values, allowing neither relocatiai joints nor motion planningf trajectory run 2 allows joint

relocation alondut no motion planningrun 3 allows joint relocatioplus motion planningin

table 4.4.5, ptimization resultof variableso* @ , andthe correspondingcost functioriQare

givenfor run 1~3

Table 4.4.5 Simulation results.

Run W W [ W [ W [
1 1.394 1.394 1.394 -0.0732  0.2492 0.1221  -0.2808
2 1.511 1.196 1.21 -0.0732  0.2492 0.122 -0.2808
3 1.515 1.173 1.216 0.025 0.237 0.056 -0.217
Run W w W @ @ Q
1 -0.6051 0.1221 0.6083 0.7937 0.5778 1110.1
2 -0.6051 0.1221 0.6083 0.7937 0.5778 1010.8
3 -0.525 0.166 0.62 0.788 0.574 908.22
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Figure 4.4.7 Energy indeX2 increases over time, run 1, run 2, run 3.

65



Table 4.4.6 Trajectorfunctionfactors.

Run ® ® ® ™ ™ [
1 — 0 0 -0.0003 0.0047 -0.0398 0.2161 -0.8180
— 0 0 0 0 -0.0001 0.0023 -0.0223
a o 0 0 0 -0.0001 0.0008 -0.0034
2 — 0 0 -0.0003 0.0047 -0.0398 0.2161 -0.8180
— 0 0 0 0 -0.0001 0.0023 -0.0223
a o 0 0 0 -0.0001 0.0008 -0.0034
3 — 0 0 0 -0.0008 0.0160 -0.134 0.6020
— 0 0 -0.0006 0.0085 -0.0733 0.3888 -1.3027
a o 0 0.0001 -0.0017 0.01563 -0.0901 0.3367
Run ) ® &) &) ® ® ®
1 — 0 2.2409 -4.2723 4.8451 -2.2496 0 0 0
— 0 0.1282 -0.4440 0.9003 -0.8451 0 0 0
a o 0.003 0.0411 -0.1847 0.2513 0 0 0.5
2 — 0 2.2409 -4.2723 4.8451 -2.2496 0 0 0
— 0 0.1282 -0.4440 0.9003 -0.8451 0 0 0
a o 0.0033 0.0411 -0.1847 0.2513 0 0 0.5
3 — 0 -1.4876 1.8284 -0.7968 -0.00248 0 0 0
— 0 2.7363 -3.4804 25779 -1.0716 0 0 0
a o -0.8202 1.2826 -1.2416 0.6385 0 0 0.5

Thevalues ofw* @ in table 4.4.5will be interpreted tthe displacement/velocity/acceleration
polynomial functions for run1~3 in table 4.4Theresuts are plotted in figure 4.4.4 ~ figure 4.4.7.

Run 3 saves more energy than run 2, while rtaké&shighest energy consumption.
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4.45 Theory Verification

The dynamic model of the-BRS is a group of rigid bodies that are connected by mechanical
joints. These elements have been established as editable blocks in Simulink library. The Simulink
simulation verifies the dynamic model based on classical Newton seconthe®imulink model

in linked blockg(figure 4.4.8) practices a sample task to validaéedriving torques and dynamic
balancing.The modeled structure in 3D and its calculated dynamic motion could be viewed from

the visualization windowfigure 4.4.9) So that one could chlk that the model is correctly built.

The inputs to thgint actuabrs are the required angular motions of jC"an runl. The reaction
torqgues “Yare measured from sensors which match the theoreatallation(figure 4.410).
Furthermore, the reaction forces baseare measurestthe || joints which are equivalent to the

gravity of the manipuleor (figure 4.4.1). The shaking forceis eliminated.

The dynamic simulation for a group of jointed rigid bodies is a common and mature function in
Simulink, of which the results can be trusted. The theoretical results and simulatés] akssul
mutually prove each other. The experiments of real prototype may have errors due to
manufacturing/control defectlus is not recommendgdhile the Simulink could build an ideal

model for theory verification.
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4.46 Section Conclusion

A balanced3-RRS parallel manipulator is designed with passive force balancing and active
moment balancing. Joints relocation and trajectory plarari@ghe adapiin that providesolution

to energy savinghile the task requirementd the motionare satisfiedWwhenmore variable are
involved, the better optimization result®uld beobtained. The structural adaption plus motion
planning yields the best optimization effect. The dynamic model is verifigdSbmulink
simulation.In automated manufacturing industry that largely oglyparallel robotic manipulatars

the adaptiorpromotesenvironmentfriendly green operationaslarge amount oénergy can be
saved in repeatedyclic motions on production linesThe energy savingmpact would be

remarkable when this design atglmethod are implemented on large scale.

4.5 Combinationfor High DOF Mechanism

Fully parallel robots of higtbOF have more limbs that restrict the workspace. Balancer or limb
interference avoidance is more complexerfal type hybrid robots have larger workspace but the
increased load on platform greatly increase the counter mass on the parallel limbs which could

take more energy. The design is a challenge. Structure adaption is exeechaltenging.

The (2RR)R and3-RRS are interference free and structural adaptive. They could be combined.
The combined manipulator is interference free. The DOF is combined and the structural adaption

is also combined.
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When the (ZRR)R planar maniputar adds one more motor at thedeeffector, this manipulator
will have 3 DOFs that are two translations and one rotation on a plane. The combHRR)R2

and 3RRS will have 6 DOFn total

There are merits of the combined manipulator compared to andadi manipulator with same
DOFs. It uses a separate planar manipulator, tHRRIR, for planarmotions instead of having to
move the RRS. therefore it is simpler and lighter. It requires less actuation energy as the actuation

is distributed to two mapulators.

This application of the design could be in manufacturing where one manipulator holds a work

piece and the other manipulatomisrking on it.
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4.6 Chapter Conclusion

This chapter discussesetinterferencefree design for dynamically balanced manipulators and
thdr energyconsumptioroptimization. The passive force balancing astive moment balancing
are integrated for a plané2-RR)R robot and a spatialBRS robot dynamic balancing soloni.

The configuratios are changed through middievolute joint angle reversal to avoid link
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interference.The structure adaption and motion planning are conducted for optimal energy
purposesAs is seen from thelanar(2-RR)R operations, the structuratiaption could reduce
energy consumption for a certain trajectory and the optimization effect dependdraietttory.

As is seen from thgpatial3-RRS operations, the structural adaptbone could save energy while

the integration of structural adagt and motion planning could save more enefdye inclusion

of more variables could result to better optation effect.The dynamic modedf the spatially

balanced RRSmanipulatoo bt ai ned by DOAl embertds principl.

The plana2-DOF (2-RR)R robot can be modified to become a plan®QGF (2-RR)R robot which
is to be combined with-BRS to make a ®OF balanced robanterferenceree Structural
adaptions are also combined from two manipulators wéirlplifies thecomplexity d structure
The five joints with adaptive relocatiorin the combined machineonvenientlyoffer many
opportunitesfor optimization The actuation loads are distributed to two manipulatbish make

the combined @ OF manipulator lighter, simpler and egg saving.
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Chapter 5 Deployable 3DOF P*U* Parallel Manipulators

5.1 Chapter Introduction

This chapter discusses thedesign of 3DOF P*U* parallel manipulators with adaptive features

for optimization. The applications of the designs are lardoacking.

As the sun rises in the east, sets in the west and inclination angle changes with seasons, the solar
trackers are designed to follow the sun. There are some designs of solar trackBx@FAsdlar

tracker is designed with one rotatid#4]. Serial robots of DOF [145] [146] so that the tracker

could rotate from east to west and from north to south. The solar panel is heavy. As the parallel
robots have advantages in precision and loading, some solar trackers are designed with parallel
manipulator as the stand. A parallel solar tracker is designed Wit®@R2[147] for the two rotation

angles. A parallel tracker is designed with 2R1-PRS [148] so it has one more vertical
translational motion in addition to the two rotations. Another 2R1@liehsstructure is designed

with 3-RPS [149]. The parallel tracker which could provide two rotations and one vertical
translation has one more degree of freedom. It provides convenience for repair and maintenance,
while some performance such as stiffnessactuation could be optimized through adjustable

height of the platform.

Although one could find plenty of solar tracker designs, the deployatdlesign of the solar

trackers and relevant researches are rare.

The solar panel is a large surface. Wioads on panel needs to be considered. As suggested in

researchefl50] and[151], the wind loads could be divided to a lift force and a drag force, where
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the lift force is normal to the panel and the drag force is parallel to the panel. Storm hazards are
frequent in tropical Asia Pacific regiofis19]. In North America, the news report of solar field

destroyed by storm or tips of storm protectib20] [121] are heard.

Wind is a destructive power but also a clean source of energy. Piezo materials cweld co
mechanical motion or deformation to electric endidp?]. Piezo chips are used in several designs
to collect energy from wind load453] [154] [155]. Besides wind energy, some structure is
designed to harvest energy from mechanical motiorDIO& parallel structure is designed which

is not actuated by motors but passively receive vibration for energy hanjasitijg

Parallel solar trackers could be designed to harvest energy from wind loads on the large solar panel
which makes them hybrid engrgarvesters. The parallel manipulators have higher stiffness and
loads capacity suitable for working in the winds and can {skesggned with deployable function

that allows them to lie down for storm protection. Adaption is considered and added igittaé or

structure for optimization.

The minimum deployable height could be determined after evaluation of loading capacity and

other constraints.

An adjustable @RS solar tracking stand is designed to show the concept of deployable solar
tracker with lieflat function. The larger workspace and higher general stiffness are the outcome

of multi-objective optimization through structural adaption.

Another adjustable -BRPS hybrid energy harvester is designed considering the operational
requirements of dust pof and real models of actuation products are selected for the design.
Minimum height algorithm and Jacobian transformation are developed to assist the evaluation of

the design. Piezo chips are included for wind energy harvesting.
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5.2 Theories andMethodologies

The design needs to provide a folded pose considering the loading capacity and the retracted length
of the actuators. A liflat vectors diagram is given in the design eRBS parallel manipulator

which determines the height of the jidaun & lie-flat pose.

Minimum platform height algorithm is the intersection of qualified solutions for constraints. This
algorithm could rapidly calculate the eligible orientations of the platform due to the nature of solar

tracking functions.

Jacobiammatrix is modified to analyse the stiffness in directions other than the cartesian global
coordinate axes. This assists the stiffness evaluation in practical situation where the wind loads

may be horizontal in any direction.

The 3PRS and 3RPS are desiged with adjustable base joint locations for optimization. Paper
[78] discussed a-BRS robot which changes between different operational modes through the rail
angle adjustments. The angles or locations of the base joints could indicate a specificn@peratio
mode the manipulator is in. The working andfligt are two operational modes of solar trackers

as well.

5.3 Adaptive 3PRS Parallel Manipulator

The solar tracking stand adjusts its pose timely to have the solar panel properly face to the moving
swn. A 3-PRS parallel manipulator is designed that provides high stiffness and easy maintenance.

The structural adaption of theERS parallel stand allows further optimization of workspace and
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stiffness with respect to seasons. The research discussesraizaxptiesign for green energy

collection

5.3.1 The 3PRS Mechanism Design

The solar tracking stand needs to be designed satisfying large workspace, high stiffness, and easy
maintenance. The parallel legs of the stand share the load of the panel, antheedat@mation

thus taking the advantage of higher stiffness. Besigeadiantage in stiffness, it should facilitate
maintenance. The design should be able to reach a pose to avoid storm damage. This design can

keep the solar panel flat and in a veny Iposition when destructive weather occurs.

The nonadaptive 3PRS standfigure 5.3.1 (a)) with flat base rails on the ground can fold its legs

and stay low, close to the ground when strong storms hit so as to protect the structure from the
powerful blowon its panel face (figure 5.3.1 (b)). And the motion of the platforaeitical way

helps to adjust the height for convenience in panel maintenance and repair. The concept of adaptive
can be considered to have the prismatic rails adjustable in theatrmiirangle to the ground

(figure 5.3.1 (c)). The main benefit of thewstture adaption is that it adds more parameters to be
tuned in favor of the operation conditions, while it can still reach the storm protection pose (figure

5.3.1 (d)).

The adaptiv&-PRS is the design to be discussed in this section. The adjustablatprisais can

set the inclination angles. The slider moves along the rail, and is attached to the bottom of the leg
with a revolute joint. At the top of the leg, it is attached eoplatform each with a spherical joint.
There are three identical setsamfaptive rails and legs, each can be adjusted individudilky.

structure anbe written in full as PRPRS.
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courtesy of ASME

Figure 5.3.1 The-PRS parallel standa) noradaptive 3PRS design(b) storm protection pose
for nonadaptive design(c) adaptive PRSdesign (d) storm protection pose for adaptive

design.
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5.3.2 Inverse Kinematics and Stiffness

.
O da A di Bi Gi

(b)

courtesy of ASME

Figure 5.3.2 The structure for analygms) the stand(b) the rail and leg set.
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As is shown in figure 5.3.2, a square solar panel is mounted on the tbp sfand with four
vertices||--at a distance o from the panel center #t . A moving coordinatey wd is set at
point Fwhich is the center of thalatform attached to the three spherical joints, and it is under the
solar panel centdf by distancéQ. The spherical joints are represented with pdjntand the
revolute joints at the end of the leg dre The length of the leq is measured from the spherical
joint to the revolute joint. The slider attached to these rev@ies slide along the rails parallel

to rail bottom liner|:; which connects revolute joints pt and| . The revolute joir{ -

measures a distan& from | There is a revolute joirt: on each base guideway. The

distanceQ is adjusted to adjust the rail inclination angle A line parallel toy:||: passing

revolute joiny - intersect the ground at poift; which is an imaginary point. A fixed coordinate

Wwa is atthe point|= where the three ground guide \gayeet.
The coordinate axes are given below.
o, p T T, mp 1M, N T T p (5.3.1)
The rail inclination angle is adjusted as the equation explains.
| Wi —— (5.3.2.a)
and it is agusted through sliders on the base guideways.

M 0 0 — (5.3.2.0)
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Inverse Kinematic method is used to solve for the actpasitions based on the given end effector

posiions. The orientation of the platform =fs « The positions of the spherical joints are

calculated.
{1 4.4 F (5.3.3.9)
where
Qe+ om [ Q¢
4o [ Qd 80— wé+ | QwéEil — (5.3.3.b)

WEH Q8 i R EHOEF
and the spherical joints positions with reference to the platform center are expressed as below,
] TATTO 1 OBT m (5.3.3.c)
Where
f [ B - (5.3.3.d)

and the center of the moving platform, centethefspherical joints, is positioned as below.

FoO B a (5.3.3.€)

The three coordinates dlf is given below.

P 00 (5.3.3.9)

The. points are in three vertical planes.

O
_h\

i tandi i (5.3.3.9)
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So that
o) i ATTOAT-S (5.3.3.h)
w 1 AlfO AltO AT-O00AT i OET AT-O AITOOEFOESF (5.3.3.)

The revolute joints at the bottom of each leg is represelyts}gg;, lwhere is to be solved.

=| o (5.3.4.a)
4. 0 oodi gl Q Gogii NE 'Y (5.3.4.b)

The length of three legs are known.
didis @ (5.3.5)

The relationship can be written using the expressions given above.
i i i i i i a (5.3.6)

So that the actuator positions abauare solved from the quadratic equation.

0 2 Q0 (5.3.7.3)

W Q& wET wEF T QE i Q: (5.3.7.b)

® CoEiWEi 0i QO cogid NEOI  Q  c¢i T NE(5.3.7.0)
© i i 0 i a (5.3.7.d)

@ (5.3.7.€)
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The actuator displacements are solved, but there are poses that need to be avoided, so that criteria
need to be set for eligibility of poses. Only the solutions that make sense can be considered as

valid.

Criteria 1. The edgefdhe platform should be above ground. So all the vertices are above the

ground.

Q plgfoh (5.3.8.9)

Criteria 2. The leg should be above the rail, and the leg with rail should be under the platform.
Forthe leg to be above the inclined rails, the following criteria need to be me
. m T p (5.3.8.b)
Qn . ko oA Sl om (5.3.8.0)

For the leg and rail to be under the platform surface, the following critieoiald be met.

+ B L (5.3.9.2)
[ = (5.3.9.b)
Qn |0 m (5.3.9.0)

Criteria 3. The actuator displacemeatseed to be real positive values. And the slider needs to

stay on the ralil.

£

R (5.3.10)
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The Jacobian matrix represents the relationship between velociaesuators and end effector.

An algebraic method for solution teERS manipulator can be found[it¥4].

The relationship of the constant leg length is utilized to obkemtatrix.

Qi i i i i i a (5.3.11.a)
So that,

Q AT10O p 2i i i a (5.3.11.b)

First, the actuator displacement about spherical joint is fo(Fus equation below is modified

from the one if28] to reflect themutualrelationship betwedni and i .)

—1l0 — — Oi i (5.3.11.c)

Then the motion of actuatorsridated to the end effector.
10T 01— 1 —14a (5.3.12.a)

where,

0 (5.3.12.b)

So that, the actuator displment is solved. This is expressed in an equation about the end effector.

10 —F— —J— 01— 1 —14a (5.3.13)

The Jacobian matrix is built from the above equations.
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0 EE—T— —F— 07 (5.3.14.a)
T —T— o ]
where
— Cc¢ATIO p i i (5.3.14.b)
— ¢ i (5.3.14.¢)
and
— O ¢ 8 cogiongi i Qogi i NET O MNE (5.3.14.0)

The end effector stiffness is calculated with thactuationstiffness!L ..
LWLl (5.3.15)

The general stiffness (global stiffness) the summaifdhe diagonal elements of matrix, judges

the overall stiffness performance of a mechanism and is to be optimized.

QO Lpop Lcgkg Lok (5.3.16)

5.3.3 Adaption andOperation Optimization

The solar trackingtand is expected to have a large workspace to follow the motion of the sun and
it needs high stiffness to restrict deformation due to the bliom. To maximize both workspace

and general stiffness of the parallel stand, the Pareto front can be useddhe faptimized points.
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Optimization with regards to the changing seasons can serve the objectives better than keeping the

same configuratiorof the whole year. This is a benefit of having adaptive solar tracking stand.

With Pareto front, it is capable practice double objective optimization. In MATLAB, it seeks
minimum value. In order to seek maximum, the value is presented in minus. Thejegbves

are given below.

N ¢ (5.3.17.a)

Q  a&B Qijt (5.3.17.b)

where the first objective is to count eligible points in a given area by defined intervals so as to
measure the workspace, while the second objective is to calculateutsd lnagarithm of general
stiffness on average for all the points counted in tisedbjective. The two objectives serve as the

cost functions of the optimization.

The above two objectivearedependant on selected seasdrigre is a pr@ptimization lefore
this two-objective operationoptimization. The pr®ptimization guides the d&ng of design

parameteri table 5.3.1

The workspace is defined as a coordinate with respeet &md— based on the installation

position that has x axis of the base align with the-east and y axis align with nor$outh.

Suppose the required motions during each season are located in areas separated with boundaries
by the parabola igure 5.3.3), th@oints within a given area represent the orientations needed for

the solar tracking in this season. This allows seasonal optimization for best workspace and general

stiffness. The parabola boundaries vary when latitude changes.

The paramters are in tablg.3.2.
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Table 5.3.1 Design parameters of the adaptive stand.

Parameters Unit Values
! rad — e A
T C T
0 m 0.05
f rad _
()
I rad _
[0)
i m 0.04
a m 0.4
a m 0.5
O hk N/m 100000
Q m 0.08
Q m 0.05
a m 0.16
a m 0.16
Parabola O:
DN— (5.3.18.a)
Parabola 1:
h— o (5.3.18.b)
Parabola 2:
W— (5.3.18.c)
Parabola 3:
h— (5.3.18.d)
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Table 5.3.2 Parabola definition about seasons.

i=0 i=1 =2 i=3
0 0.1 0.1 0.1 -0.1
W -1.2 -0.7 -0.3 0.3

The optimizgion and result are analyzed with regard to seasons. For a given peift—" in

workspace, the equations below determine which season it belongs to.

— & — ohiQ mpkfo (5.3.19.a)
Winter:
_ (5.3.19.b)
Fall/Spring:
— = — (5.3.19.c)
Summer:
_ (5.3.19.d)

The optimization using Pareto front is practiced for each season (figure 5.3.4). The optimized result
with largest workspace is chosen, meanwhile the general stiffness is also at its maximum with the

workspace reached.
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Four Parabola for seasonal division
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Figure 5.3.3 Fouparabola for seasonal division.

The table 5.3.3, 5.3.4 and 5.3.5 shows the adjustmét €f, Q anda , with optimized results

for each season respectively.

Table 5.3.3 Winter optimization.

Parameters Unit Range Values
Q,Q m [0.1,0.32] 0.167
Q m [0.1,0.32] 0.274
a m [0.3,0.7] 0.7
Q NA NA -119
Q NA NA -15.166
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Table 5.3.4 Fall/Spring optimization.

Parameters Unit Range Values
Q,Q m [0.1,0.32] 0.147
Q m [0.1,0.32] 0.273
o m [0.3,0.7] 0.694
Q NA NA -97
Q NA NA -15.478
Table 5.3.5 Summer optimizatio
Parameters Unit Range Values
Q,Q m [0.1,0.32] 0.173
Q m [0.1,0.32] 0.279
a m [0.3,0.7] 0.654
Q NA NA -116
Q NA NA -15.604

Seasonal adaption reaches an optimized result with largest workspace and the largdst genera

stiffness with this workspace. The eligible reachable workspace by the platform for each season,

and the general stiffness mapping over the workspace are gifigars5.3.5.
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Figure 5.3.4 Optimization using pareto frofat) winter, (b) fall/spring (c) summer
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In a same season, the centre of mass of platformhdsnstantheight so to keep the platform

height from being fluctuating to save the energy.

5.3.4 Section Conlusion

The solar tracking stand in parallePRS hasapre-optimization to the guide the setting of design
parametersand a separatéwo-objective optimizationthat deals with operational objectivés

seleced areasfor workspace and general stiffne§is design has advantage of high general
stiffness and easy maintenance including a protection pose that allows it to lie flatimh dwoing
destructive storms. The parallel stand can be adjusted with regards to seasons. Best workspace and
stiffnessare sought as season changes. Optimizing the objectives by season provides a better
performance than any fixed configuration. This isimportant advantage of the adaptive solar

tracking stand, which contributes to solar energy collection, a sourceaofahel free energy.

This is a concept design. One needs to consider the displacement limits of real actuators, dust proof
requirementsn the fields. The inclination rail has three jointed points thus it is subject to bending.

Next section will discuss agtive 3RPS design fulfilling these requirements.

5.4 Adaptive 3RPS Parallel Manipulator

This section presents the robotic struetand analysis of a hybrid energy harvester designed in
the form of a structural adaptiveRPS parallel manipulator, wth tracks and collects solar energy

as a main function and also harvests energy from wind loads on the large solar panel. The adaptive
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design allows the harvester to lie flat on floor when destructive storms occur and thetoraturn
working configuration after the storms. The workspace of the manipulator is determined by a
minimum platform height algorithm that is developed to find all reachable positions that compose
the workspace and also bring bending at root to least. Tifreess mapping of the hegster is
significant in evaluating its capacity to take wind loads, which a transformation matrix is
developed to convert to polar horizontal stiffness at end effector that is crucial to the intelligent

control strategy in decisn to enter lidlat configuration.

5.4.1 The 3RPS Mechanism Design

This tracking stand is a-BPS parallel manipulator with lifat and working configuration

features.

The orientation angle and height of the solar panel could be adjusted by thetedalegs which

are joirted to motowdriven adjustable baseBhe structure can be written in full aPBPS.

As to meet the dugiroof, load capacity and geometric requirements fordowor working
conditions, the linear tables (model: AlphaB855)[157] and the linear actiars (model: DLA
12-40-311-200-1P65)[158] are selected to function as adjustable base locations and telescopic legs
respectively. The spherical joint with large motion raf$®5] and piezechips incorporated

parallel structureare considered. Figure 514shows the design in two configurations.
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solar panel

linear actuator

(a)

dust cover

(b)

Figure 5.4.1The hybrid harveste(a) lie-flat configuration; (b) working configuration.
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5.4.2 Inverse Kinematics and Stiffness
The inverse kinematics solves for the actuationldesgments from a given pose of the platform.

In figure 5.4.2, the plane A represents the floor and the plane B represents a parallel plane above

floor. The global coordinate systéin & & is located at= underneatt|. by Q.

-

p m m ;L mp m,= m T p (5.4.1)

= nnmn;l. = ok (5.4.2)

— Plane A

Figure 5.4.2 Inverse kinematic parallel structure
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Three points|| , || , and| are located on plane B where revolute joints are. One can connect

lines ||. ||+ and finds anglé betweens.and |. ||:: The length of]. || is & which can be

adjusted by base joint relocatidBubcoordinatesy & & ¢& are estalished at|| , || , and
|-
) AlTG OEIl m -
Lo Ay FLxEAHA OET AITO nm Q phiv  (543)
T TP

The platform is a triangle witl. at the center, while points, F,andF are at the three vertices
of the triangle where spherical joints are. One can connectginesthe length off. F is a fixed
valuei . One can set a sutwordinated @ @O at g, Whereﬂ% aligns with vectorf, g ,é%
lies on the triangle plane, aﬂqF be a unit vector normal to the platform. The amgls between

é% and g f:

A square solar panel is attached above the platfori@2 frydl . direction. The four pointg , |} ,
| and |} are at the for points of the solar panel square. One can connect [infs which

forms an anglé  from é%, and the length of the lines is a fixed value
The vectorsg, -and || |=from the perspective of coordinaie & &0 are giva below.
. 1 AITO 1 DET 1 Q plyfw (5.4.4.3)

i ATTO 1 DET 1 RQ plghoft (5.4.4.b)

One can connecﬂ ~f along which the prismatic joints are,etdength of which isn ~

n M  and a unit vectok, is set along||: . Vector=-, -forms an angle— above the

plane B. In order to make sure that linear actuators operate under thmgmiaform, arangular
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constrainf  is set which is the minimum angle the vee&q;;gan form to platform plane(
000).
Relocation of thel|. along=y -introduces an adjustment varialde . When T

variable® is determined to allow minimum height of platform at thefli posture.

Figure 5.4.3 Lidflat vectors diagram

The lieflat vector diagram is shown in figure 5.4.3. It determines the height of tfiatljgose.
| oL |..whered n ATTO i & (5.4.5)

Rotational matrix needs platform rotation variablesind— around, and'L, to convert vectors

or matrix ind0 @ @O to that ino OO .

6 —and6 —,where— — — (5.4.6.a)
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A—6 p A— 606 p A— 0 O—
9 66 p A— A—06 p A— 6 O— (5.4.6.b)
6 O0— 6 O— A—

One can set W ® @ asits position in global coordinate. ;ﬁ\SIS a revolute joint, tén

| Fis perpendicular td4 ; which is a relationship to find kinematic solutions doandc.

So that,
F ﬁ i ﬁ gu_lL Ojjjt glﬁ (5.4.7.8)
which satisfies
444 p Oy m (5.4.7b)
o f3k;0 ok (5.4.7¢)

The varabled is usually given by the motion planner, however improper selection of this value
can result to invalid solution. In this section, an algorithm is explained that seeks the minimum
height of platform centeg. , @ , if an eligible saltion exists. This algorithm avoids missing valid
solutions while keeping minimum solar panel height to mitigate the wind loads bending effects at

structure root.
The minimum height algorithm starts by setting the initial value

ESO® ® o  whered T (5.4.8.2)

R R

L (5.4.8.b)

4=
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In figure 5.4.4, possikl candidates af are calculated by determining an offset as a supplement

to & . The offsets are determined considering some criteria. Offset 1: no e pdint should
stay below plane B; Offset 2: an angular constraint is me which is the minimum angle the

leg can form to platform plané( 0 0 O ) under this platform; Offset 3: none @f should be

less tham
Offset 1,Q :
Q QG , Whered a® |3k (5.4.9.a)
o a Q (5.4.9.b)
Offset2,Q

A unit vectordy is along the intersection line of planes 6 6 6 and®d 6 .

Ly el
Ly jh; ,whered {4 (5.4.10.a)

— is an acute angle betweenplabes 6 6 6 and® 0 ®.
— AT &ydlys (5.4.10.b)

It is imagined thaf:% is rotated atr with an acute ragler about1|-1+ -to be altered to a new unit
vectorL, ‘which forms an angle  to the platform plané 0 6 6 or to its projection on the
platform in<! Ldirection. The arrowhead &, fallsonaplane6 060 0 thatis parallel to

platform plane ane-, dsinplane® 6  ®. The gap between plane§ 606 6 and
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0 O 0 0 is certain, and the intersection lines they make on plane 6 & are parallel

and the gap between which candstermined with— .

AltO n ORI
= m p m | Lu,wherg OET—— (5.4.10.)
0BT m A0

is along=, ; the length off. || . for it to reach|| is

With £, N and |= one can find an imagined poih\i;‘j whose global coordinate i is
Q
(:X r'] éA;Ef [:Z ﬁn , Wherer'] ”é—;:-f:-ﬂ; (5410d)

Three legs each has ﬂsﬁ ‘height,a& , and the minimum among them is selected so that an offset

is calculated based on thewest || , ; thus the other two legs will be satisfied with the offset lift.

Q  Q «a , whered | ET (5.4.10.e)
a a Q (5.4.10.f)

Offset 3,Q

With £ andrj , one can find an imagineffl, :under || - which ensures the minimum lehgof

linear actuators be met in all legs. The global coordinafe,oin & is &

a i Kol [FI e (5.4.11.a)
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Three legs each has iﬂsA;;;height,(g( , and the minimum among them is selected so that an
offset is calculatet based on the lowedjt, :and the other two legs will be satisfied with the offset

lift.
Q 0 «a , whered I ET (5.411.b)
a a 0 (5.4.11.c)

There are thre@ candidates, each is the minimum height requirement in its offset calculation that
means it may have room to be enlarged. The maximum of the ateslid selected so that the

other two ofset requirements are included under it.
a | A@d E plt o (5.4.12)
Onced is determined, the posture needs to be calculated again with updated values.
EOO ® « (5.4.13.a)
o394 Rk 4R Rl 44— (5.4.13.b)

The motia of linear actuations are calculated based on the altatferpy position.

il s

s g psand— OA'm:

(5.4.14)

The updated value af will need to be verified. The posture with updhte need to meet a

criteria that none of the linear actuatgrextendsy , fully extended size.

Within ¢ pairs of —h— , program loops calculat® at each —h— and then verify. The

number of eligible solutins € is an index to evaluate the workspace.
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Figure 5.4.4 Minimum platform heiglat .

The 3RPS manipulator has 3 DOF, that means it has three independent motions, while the other

motions in spacera compliant to the independent motions.

In the global coordinate, the linear and angular velocities system of the end effector, center of the

platform g, is given below.
™. T Teo Ta andop. T— T— T— (5.4.15)

Only three of six space motion variables are independent. The variables have a relationship as

below.
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L O mowhererd . . 040 444 (5.4.16.3)

1

4 i

4 1

FoTt. FoOL. T wherep, 4+ andf, 1 (5.4.16.b)

N | | I |
= s

_EEF

0L, ERAET (5.4.16.c)

And the methods if91] and[92] suggests to eliminate the compliant motion by dot multiplying a

vector perpendicular to the compliant motions on both sides of the equation.

L o b me (5.4.17.a)

F ” 2 Opan T F ” M (5.4.17.b)

where,

AN (5.4.17.c)
Rearrange the above, one has the following.

e lboHTa e loome 1 A4y (5.4.18.3)

Aot A0 1 44y (5.4.18.b)

éAifg@;i p (5.4.18.c)

ATA A0 R R 440 (5.4.18.0)

T SOme B R 3940 (15.4.18.¢)

L.9r P 4 (5.4.18)
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Th o fOm- faP9dE B ORT- (5.4.18.9)

"M =aOr- Ta 9940R R (5.4.18.h)
™ éAi!izng% N & %%z;z;j|3 oo Fo Imge (5.4.18.)
TN %{l L, 1 #;;f'o o fo 1L, (5.4.18))
5. Lo L Fo (5.4.18.K)
T (5.4.18.])
The Jacobian matrix is obtained as below.
L 5 5 K (5.4.19.a)

This reflects the relationship between actuation velocities and the ewctbeffelocities.
T T T Lreo 1o Ta (5.4.19.b)

Stiffness of end effectoh%is expressed as below, whdkg is the actuation stiffness.

Q m T
L, W EA”-, Where&A T Q Tt (5.4.20)
r ~
nm 1nm Q
The stiffness along-, , 1. andL, are given.
o Lt Aok Ll doh;o Lt ook (5.4.21)

When, rotates around:, by 3 ,, it forms a new vectet . The vectors, expressed in coordinate

with < is given below.
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Al &3, OEIl3, ™
<, 4,L ,whered, OET3z, Al &, n (5.4.22.a)
T T o

The velocity vectorrz  represents the ereffector velocity in coordinate witl . It replaces

velocity 1. with transformation matriy , .

Astr 4, T TR 5O, (5.4.22.b)

where
4, ORI, AizQ n (5.4.22¢)

This provides a new Jacobian matrix with a rotation angle index,of
L, L4, ,sothatt L L L (5.4.220)
The stiffnessSQ along< could be calculated.

L Lde,u (5.4.22¢)

|
0 LL ToL (5.4.22f)

The leg/A'A has the longitudinal stiffneS@ which has two components in series, linear actuator

stiffnessQand eight parallel piezchips stiffness each wite.

- = —hQ phtho (5.4.23)

The force exerted along the linear actuatoDis and the reaction force at each revolute joint side

is’Y .
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O c¢VY hQ pklo (5.4.24.a)

Each piece of the chip takes a share of the load. Eight chips of each leg are connected in parallel,

and each piece of the chip is seen as a cant{£58}. Its stiffness is the ratio of ldao deflection.

0 — (5.4.24.b)

Q — (5.4.24.C)

The maximum deflection is expressed as below.
Q — (5.4.24.d)

where,

0 — (5.4.24.¢)
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(©) (d)

Figure 5.4.5 Legtiffness (a) loading and reaction forces; (b) elastic model; (c) Ribgmsize;

(d) loads on piezo chips
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5.4.3 Adaption andOperation Optimization

Based on real values of linear actuators and linear tabksected from manufacturers, so that

numercal analysis can be performethe asign parameters are shown in tehie 1.

Table 5.4.1 Design parameters.

Parameters Units Values
0 a TI8T W C
i a ™
i G P
0 a TI8T L
n m G ™ b v
Th  hh i 00 R
. ., 0 o
T h RAf i 00 R
T 1T 1t T
i I ©Q T X U

The original || locations allows the liélat configuration but provides a limited workspace.
Genetic algorithm is implemented to find another configuration that enlarges workspace, known
as working configuration. The adjustable design enables sWwitch between the two

configurations.

The adjustmentso are the variables for the MATLAB optimization algorithm that seeks
global minimum of fitness functioffQ while the ultimate aim is to enlarge the workspace index

¢ . The optimizéion process and results arsplayed in figure 5.8, figure 5.4.7table 5.4 and

table 5.43.

=3
e
o
o

(5.4.25.a)

111



N ¢ (5.4.25.b)

Best: -211 Mean: -211
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Figure 5.4.6 Optimizatiar(a) genetic algorithm for larger workspace; (b) workspace boundary,

dash: original; solid: optimized
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Figure 5.4.thed position mapping with optimized working configuration.

Table 5.42 Optimizaton parameters.

Parameters Units Values
lower 8 a ™ T T
upper 8 a T T T
search area — i ®Q PRIPIPD
search area — i 0Q PRJPI®
Table 5.43 Optimization results.
Variablen N ¢
original TITUTT PG O
optimized TS W YPTET W P T8t W X cpp
rounded ™ T T Cpp
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ThematerialLead Zirconate Titanat eO (RP&H[LGO] thavelees i t

are needed for stiffness calculation and plottiBgised on talel 5.44, the value™Q

T8UL @ yp O T4 .

Table 5.44 Stiffness parameters

Parameters Units Values
Q 0 ¥a LV P
(0] On @O0
0 a T8t T Y
0 a T8t ¢ T
0 a T8t o

Figure 5.48. (a), (b) and (c) show the stiffness in direatialongL. , L. andZ, . However the
wind loads could be in any direction. As in figure B.4d), for a certain configuration and posture

of the manipulator, wheg , varies withinmxXJo ¢ Titde stiffnes€) with respect tg , could be
visualized with a polar plot, which helps to evaluate the manipulator loading capacity to horizontal

winds in specific horizontal directions.
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Figure 5.48 Stiffness mappings in prescribed motion rar{gelog(Q) N/m; (b) log{Q) N/m;
(c) log(Q) N/m; (d) stiffnesSQ polar plot aboug — 18 and— 1@ at working

configuration= ™ T T .

5.4.4 Section Conclusion

The design of a structural adaptive hybrid harvester enaifd@SJarallel solar &ccker to collect

solar and wind energy at the same time. This design hasflatlieature that protects the
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manipulator from storms, and an enlarged workspace achieved by base joints relocation. This
enables the manipulator to switoktWween the lidlat configuration and the working configuration.
Minimum platform height algorithm has been developed and demonstrated to find all eligible
orientations of the platform. Stiffness mappings of the manipulator are plotted, after being
convered to a polar ploif assists to evaluate its capability to take wind loads in specific horizontal
directions that is significant for liat protection strategy against storms. The design adds
favorable features to solar trackers that improves the gwetigction efficency and operational

safety of the green industry.

5.5 Chapter Conclusion

This chapter discusses thedesign of 2R1T parallel mechanisms to be deployable structures in

applications of the solar tracking. Two adaptinanipulatorsare designed.

The first 3PRS parallel manipulator gives a concept of the deployakdes&n, while the second
3-RPS parallel manipulator considers more practical requirements such agpralfst
requirementsrail loading condition andctuator installatin sizes The defomation of piezo chips
in 3RPS occus & aki nemati c redundancy which doesnoét

freedom.

On the design and analysis, this chapter introduces the vector diagram method to determine the
folded pose of thetsicture. It then dvelops minimum platform height algorithm and Jacobian

matrix transformation to assist the design evaluation.
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The optimization othe 3-PRS is multiobjectivefor purpose of specific operatiowhere both
workspace and generatiffnessin selected areare cost functions(There isanotherpre

optimization that determines its basic design paramfgetarger workspage

The optimization othe 3-RPS is singleobjectivewhere only workspace is cost functiorhe

adaption is involved in theperation opmization for large workspace at working configuration.

With the Jacobian transformation matrix developed-RP$ model, the FPRS model could also
adopt this matrixas cost functiorio optimize the overall stifness horizontally or in a specific

direcion seasonally.

The desigs could also be considered for applications in radar signal retieacker.

117



Chapter 6 Deployable Higher DOF Parallel Manipulators

6.1 Chapter Introduction

This chapter expands the deployable design to higher DOF msgiga A 6DOF and a ©DOF

parallel manipulator with deployable function are designed and analyzed. The link interference

problems are discussed in this chapter.

6.2 Theories and Methodologies

The manipulators are designed with the required DOForieg to the motion sets intersection,

the motion of the end effector is the intersection of the limb motions. The limbs are in mobile

vertical planes to be deployable, interference free angervent for kinematic calculation. To

avoid the motion limitaon of spherical joints and to actuate the vertical planes with parallel

actuation, ar2-RR)UU 6-DOF limb is designed which is different from t{2RR)UU limb in
[66] as the(2-RR)UU limb heeby is in vertical planes perpendicular to the base, whilettier

(2-RR)UU limb is equivalent to a(2-RR)SR which is perpendicular to the moving platform.

The 6DOF (2-RR)UU hybrid limbs are in mobile vertical planes actuated on horizqhaales
with parallel actuation instead of serial actuation. Parallelbiotu evenly distributes loaagsd
also reduces bending deformation by vertical lo#&$DOF | i mb doesnét
effector degrees of freedom. Thé®®F manipulator hasitee identical @©OF (2-RR)UU limbs,
while the 5DOF manipulator has twé-DOF (2-RR)UU limbs and a third limb of ®OF which

reflect the DOF of the manipulator.
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The limbs are arranged in vertical planes to avoid interference while the actuation links on
horizontal plane need to be checked to be interference free. The tinkgriaontal plane are
distributed to parallel layers to avoid interference, but in the same layer the links need to be
checked for interference. Pentagon identification, plimet ariteria and link boundary method

have been developed to detect link tkklinterference.

Jacobian matrix is modified to reflect the stiffness in directions other than the global coordinate

axes. It is also taken to verify the DOF of the novel structegsloped in this chapter.

Multi objective optimization of workspace dhifferent orientation of the platform are conducted

where the folded height is among the objectives of the optimization.

6.3 Novel Design of @©0F 3T3R Parallel Mechanism

A novel 3-[(2-RR)UU] 6-DOF parallel nanipulator is designed with limbs in mobilertical

planes, that provides larger workspace, less chance of link interference and simplified kinematic
analysis. The link interference detection by pentagon identification and-lp@ntriteria is
demonstreed. Workspace is optimized by different oigions. The Jacobian matrix by global
cartesian coordinate system is developed. A transformation matrix could convert that to Jacobian

matrix of a new coordinate system.

6.3.1 The3-[(2-RR)UU] Mechanism Design

The 3RRUU parallel manipulator has 6 DOFBigure 6.3.1 shows (a) structure and (b) the

kinematic chains represented by topology diagfadj [45] with serial actuation. Figure 6.3.2
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shows an equivalent structure but adopts parallelatiotu which provides an even load
distribution of the two a@cators on one limBesides, the parallel actuation on horizontal plane

forms a stronger cantilever than serial actuafidme latter is selected for the design.

A structure could also be expsesl by a notatiof#8]. Therefore the structure is denoted3d(2-

RR)UU], where underlined joints are actuated. Each limb has two motors and 0 in
hybrid chain. This increases the precision and reduces the bendingsab link, 6 , 6
anddé . Therevolute jointsY andY  are driven. The revolute joif¥ connects to the

universal joinfY  which consists two revolute joints and one of these is colin€¥dr to

The five bar plaar mechanismd 61] are serving as the parallel actuation on horizontal plane for

the mobile vertical lanes.
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Platform BiEo)
Joint U[E(] "

Link B[Ei]
e PEL
Base Blao]
Joint UDi] ‘
Link Bici]
Motor A[Bi] ‘
|

(a)

BiEi]
Ulpi]
Bici
Rz
Bsi)

(b)

Figure 6.3.1 Serial actuation.
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Platform B[Eo]‘
Joint UEj] '

Link Bei]
Base Blao] |
Joint Rragi] "‘. I"". \
Joint Riapi] | | |
Joint R[Bpi] |
Link Bspi] "‘.,‘
Link Bicpi)

Joint Ulpi]
Joint Rpci] |

Link Bicqi]/
Joint R[Bqi] /

Link B[Bqi]

(b)

Figure 6.3.2 Parallel actuation.
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6.3.2 Inverse Kinematics and Stiffness

Heregives the calculation of link positions, and detection of link interference.

The global cartesian coordinate is at base ceagm it (figure 6.3.3. (a)).

£  pnmn , L mpn L mmp (6.3.1)
= 1L ATIO0 1 OEBT 1 = (6.3.2a)
= 1 ATI6O 1 OBT 1 m (6.3.2.b)

The pose of the moving platform (an equilateral triangle) is defined by its orienfgfiand

position . from global coordinate.

P — — — andp ® ® g (6.3.3)

Let— — — — ,sothab —]—, 0 —7—,0 —F—.

With orientation matrixY, the positionsy are calculated, where the universal joints are located
with one rotational axis along symmetry lingsy. and the other rotational axis alofs . The

platform has a normal vectéir_ that points upward.

A— o0 p A— 66 p A—m 60— 060 p A— 6 O—
4 0606 p A— 66— A— 6 p A 66 p A— 0 O— (6.3.9)
p A— 00— 66 p A— 00— A— 0 p A—

d| - [EF (636)
B SEF RFS
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Figure 6.3.3 Kinematics analysis.
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Loop {

Loop 2

(a)

Loop !

(®)

Figure 6.3.4 Horizontal plane.

As in figure 6.3.3. (b), the universal joints locate

aand reach has a rotational axis along

lw . Links [ and linesf . lie in planed which is perpendicular to horizontal platieand
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horizontal plane$. Let [ be projected along A on plane$ at T Where ;. is the

intersecting line bplaned , planed and pland . One obtain& and® in planed .

Q pdk 0 (6.3.8.3)

o Q 0 (6.3.8.h)

Position - indicates where the universal joint is located. The universal jogbhe rotational
axis alongd, and the other rotational axis aloda . As in figure 6.3.4. (a), let the fiviear
mechanisms be in the platiavhere the limbs are actuated. The positppmdicates the location

of revolute joint. The revolute joistrotate arouné:, , and colinear with the universal jointsrgg
m F 0w O (6.3.9)
Fom 9% (6.3.10)

The || .and || , represent the locations of two revolute joints, rotational axis adong

N =—pandy =.f (6.3.11.a)

I AT O——— and AT O — (6.3.11.b)

Aird OElT = A
1-.  OB1 Alr0 mand,. O

3 Aird n  (6.3.110)
T T p T TP
= d===p - ==and|s di=ip - =00 (63110
One could calculate actuation anglesand|  by=_| _or=,{ .
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There are some literatur@@8] [48] [126] [130] [162] discussing the link interfence detection,
where the main algorithm is to keep safe distance between links. One needs to check that three
five-bar mechanisms have no link interference. The interference detection in this analysis has three

sections.

Section 1isto limit and| ranges so that the moving sides of the link will not collide with

the base arc of a neighboring link. Such as in figure 6.3.5. (a), the sige |bi interferes with
thearco=_.Let® ¢i OEland®d ¢i OE+ 1 thatarethe lengths of hexagon sides.

One needs to verify thab ¢i and® ¢i so that it has enough distance for two motors

with radiusi
) w Ti and® © Ci (6.3.12.a)
Qe and QO (6.3.12.b)

Table 6.3.1 gives and’ asoffsetson and |, to be interference frder section 1.

| QEQ N | h—* 7 (6.3.12.c)

Table 6.3.1 Angles offsets.

Conditions "Qw
4 N e 3 A ‘l
@ " T OET
3 3 )
ON ® ho Al 6 W ® Ti
c a0 I
ON O hb i
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Section 2 is to wipe out the conditions where and| are within ranges but there exists

intersection of links in a loop (see looadd loop 2 in figure 6.3.4. (b)). An algorithm of pentagon
identification could easily find intersection. For came or convex pentagons, the sunshould

bec" to be interference free for section 2.

e T (6.3.13)

Section 3 is to avoid the moving arc of a link interfering with the moving side of a link in another
loop. Such as in figure 6.3.5. (b), the arc|f interferes with the side &£, || 4 . For when
| | v*j o (‘Gand Qindex two loops in lockwise order), the poidine criteria could

horizontal layers, thusr@a exempted form examination. The pding criteria in table 6.3.2 need
to be meto be interference free for section 3. For example, a plinshould be a distande

away from Iine=A§| AgWhen |

Table 6.3 Pointline criteria.

Conditions Criteria _
. LO|=ug l=llug ¢t @ m
| | L0 |uflm [agm: ci O
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(b)

Figure 6.3.5 Interference detection.
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In figure 6.3.6. (a), from the global cartesian coordinate athe moving platform centgg. has
a linear velocityo .and an angular velocity _ . that contribute to the linear velocity gt The

linear velocity aty: could ke divided too, mando, m, which are along-m ;;;andﬂ- -respectively.
A method of dot multiplicatiof91] [92] can be used sceo, mis not perpendicular tg

FrOC: Og: FF  Fr Pem: (6.3.14.a)

So that

O e IF ﬂ—oo = 9 - WD |F :BJ—_.i:;:;: 6314b
oH i o m e ( )

The anglar velocityo . could be divided tap _; 0, -ando , ; that are alongr. [ la andd,
respectively. Components, :ando , :have no contribution to, m, excepto , ;-
og:lmOlm: 0, pr. om (6.3.15.9)

where

Ot L= gp 3k OL 6.3.15b
o B o ] F e u e ( )

So that

&
om: og.JmOlm 0, Ok Lo 5w 3t R (63150

The angular velocity 3L and 3L are the actuation angular velocitiesgt and=, «

|l—pOocem oom: |_pOL =]|_2 (6.3.16)
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So that,

where,

L lerde  _pp l_pdeds
ol = Terdm [opodh =—fo

(6.3.17.b)

L l=r3= g opr l=rot pr# ppd ~||-F°L Lr 2 (6.3.17.c)

S e e Sl e el e

Figure 6.3.6 Jacobian matrix analysis.

One could have the similar for , I, ; andl, ., . The Jacobiamatrix is obtained as below.
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L o L 1] o LLAo LLAO I'LAo
L L L L L L oL (6.3.18.a)
- [ [ A A A
So that,
o Lom (6.3.18.b)
0, (D- B .. .

The stiffness of manipulator g by the global cartesian coordinate=atis given as|L+ which is

related to the stiffness of actuatdr, "Q Ok through Jacobian matri%[41].
L, WLl (6.3.18.c)

A transformation matrix is needed to convert to another coordinate system. In figure 6.3.6. (b),
the coordinate system is establistadg. with unit vectorﬁ-q L.D andﬁ-. Vector<, from

global coordinate=, equals the'=_ .from the plaform coordinate ajr.. One could transfornito

LL-
]
L = (6.3.19.a)
L L L
= { £ 4 &, (6.3.19.b)
Lo T
= g A (6.3.19.c)

Similarly, In figure6.3.6. (b) a coordinate ¢ has a vectot, that rotates frons=_ .by+ and

I+
[

. (6.3.20.a)

I+

v { & 44 4. £ (6.3.20.b)
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AT«O0 OBI AT«0 m OBI
4, OBl Al:0 m andd, mop T (6.3.20.c)
T T ) OBl 1 Al«O

A vector in coordinate=, could be converted to that in coordinggteOne could transfornfto L .

LoullAe (6.3.20.d)
TR

L, LaLL (6.3.20.€)

6.3.3 Multi-objective DesignOptimization

The workspace is evaluated by setting three orientaﬁg%sb pltfo of the platform, and then
searching for all eligible positions of the within the searching rangeShe numbeg of the

eligible positions indicate the volume of the workspace by orient

Considering the efficiency of workspace (largest workspace made by minimum limb sizes), cost

function™Qis taken. Pareto meth@tl04] is used to search for the best result of each cost function

with nonsacrifice to another cost function.

0

(6.3.21)

The basic modeling parameters are given in t&83. Table 6.3 gives the ranges of the
optimization variableso ~w , considering that each revolute or universal joint is at least 0.05 m
from the center of a body it connects to. Table 6.3.5 gives the three orientations, gndeaech

ranges by each orientafi.
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Table 6.3.6 shows the results of the optimization and the cost function value;@héfe "Q

"Q The four results are selected from the final optimization solutions, with result 1 for the best of

"2 result 2for the best of () result 3 for thébest of Q@ and result 4 for the best @overall. The

result 4 is chosen for the full workspace plottin@jp, P, andP_ in figure 6.3.7.

Table 6.3.3 Modeling parameters.

Parameters Values Units
Q 11 a
i m8rp v a
i T8t p T a
i T8t ¢ v a
| TQ p “jo i ©0Q
Table 6.3.4 Optimization variables.
Variables Q i i 14 1) I
Ranges [0.1,0.7] [0.05,0.7] [0.05,0.7] [0.1,0.7] [0.1,0.7] “Tp v Tp Y
Units a a a a a i 0Q
Table 6.3.9Motion and search ranges.
Orientations and positions Values Units
P_ T T T i 0Q
P_ “Jjo T T i ®Q
P_ T T “j@ i ®Q
() -0.1: 0.05: 0.1 a
) -0.1: 0.05: 0.1 a
[0} 0.1: 0.05: 0.3 a
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Table 6.3.6 Optimization results.

\

W W & & & & Q Q Q O
Result1  0.361 0.051 0.102 0.207 0.218 0.296 -126.574 -89.204 -94.026 -309804
Result2  0.345 0.051 0.102 0.208 0.219 0.303 -119.825 -119.825 -99.644 -339.294
Result3  0.386 0.051 0.079 0.245 0.232 0.344 -120.724 -85.939 -111.52 -318.179
Result 4  0.348 0.051 0.102 0.205 0.219 0.300 -121.277 -117.488 -101.07 -339.829

workspace Qe

workspace Oc2

workspace Oe3

Figure6.3.7 Full workspace iR FP_ fP_ of result 4.
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Figure 6.3.8 Stiffness mappify, P WO— ¢ 10— p 10—

As one could calculate the stiffness in or aroggd The polar stiffness of the end effectenter
- at any pose could be plotted about rotation anglande . The unit stiffness in and around

vectors, , L |45 from global coordinate at. are mapped over an areapf @ © T®&
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in figure 6.3.8. (a)~(f). The unit stiffness in and arodrdfrom given coordinate df is mapped

about angle®*  °* wheny, ™ T 7§ infigure 6.3.8. (g) and (h).

6.3.4 Section Conclusion

A 3-[(2-RR)UU] 6-DOF paralleimanipulator is designed with limbs in mobile vertical planes. The
pentagon identification and pothhe criteria are developed for link interference detection. The
workspace boundaries of different orientation angles are plotted. The unit stiffnessaimand

the global coordinate vectors are mapped. With a transformation matrix this stiffness could be
converted to indicate stiffness in or around any vector thatritation angle from the global

coordinate system.

6.4 Novel Design of DOF 3T2R Paralel Mechanism

There are 80F serial manipulators such [d$3] [164], but none has been designed with 3T2R
motion. There is a 3T2R manipula{@65] [166] fully pardlel with 5 limbs. Hybrid limbs could

offer larger workspace than fully parallel manigata.

A novel 5DOF 3T2R parallel manipulator is designed with chaesn perpendicular planes.
The synthesislesignis based on motion seit#tersection and disseminated Chebyeclribler
Kutzbach formula. A boundary offset method is developed tocdetk interferencebetween
links in a sameplane A multi-objective optimization is practiced on the design faultiple
performanceimprovemets. The Jacobianstiffness based on oriented platform coordinate is
developed. This section also discussegtitential applications of the design.
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6.4.1 The PRPU Equivalent Mechanism Design

Classical ChebycheriblerKutzbach formulaoulddeterminetie degree of freedom (DOF) of

a mechanism.
0 ¢o" * p B 1Q (6.4.1.a)

The classical formula can be disseminated to reprédsemOF ofplatform and limbseparately
where the platform and base has the initial Dd@Rotedas0 , andthe limb chain"Chasits

individual DOFdenotedas0  with ‘Q for joints. The total DOF o parallelmanipulatoris U .

0 0 B D (6.4.1.b)
0 eC p O (6.4.1.c)
0 e p Q (6.4.1.d)
Based on thenotion sets intersectiasf a parallel manipulatod is restricted by E D 0
O [ ED 0 Q (6.4.1.e)

In figure 6.4.1. (a)the motion of a serial limb is theddition fromthree parts. These are the
motionsof the linkson horizontal plane Zhe motionsof the linkson vertical plane X and the
motions ofthe connection jointwhich connectglane X andplatform. A coordinate system with

e, « and » axes issetat a point on the intersecting line of plane Z and plane X where they are
jointed. The axis» is normal to plane Z, while the axisis along the intersecting liref Plane Z

and planex.
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The'Y ,Y and’Y representhe rotaional motions around, « and » axes The"Y, Y and”Y

representranslational motions along « and » axes A serieof these symbols in sequence define
the motions of a chairfrom the base to the end effector (from left to right). There are some

propertieof the symbols as to whether they are commutative
Y'Y Y'Y and'YY Y'Y (6.4.2.a)
YY 'Y'Yand'YY Y'Y (6.4.2.b)

In plane X, normal te axis,”Y can be anynemberof the four members of a set, where each
membeilincludesthree motionsThe three motions sifi be enouglo reach any position or rotaion

in plane X.The motions under one bar can change their ordlerand’Y aresimilaras’yY .
Y N CYYYRYY'YRYY'Y RY Y'Y (6.4.2.c)
YY Y'Y (6.4.2.d)

'Y can be any member of the five members eét, where each membiacludestwo motions.

One cold find the properties of theotion groupsas below.
Y N Y'Y RY "YRYY RY "YRY Y (6.4.2.e)
Y'Y Y'Y (6.4.2.f)

The rotational motion groul 'Y 'Y exisswhen thethreerotational axes join at orgnglepoint

like aspherical joint. The following condition is equivalent to a spherical joint.

YYY O YYYY YYYY'Y (6.4.2.9)

139



To organizea given motion group such a¥°Y'YY 'Y to two perpendicular planeand the

connectiompoint, one needto define thdirst plane thesecond @ne, and the pointheresecond

planeconnectgo end effector.

Here, motions in first plane (plane Zyuld be defineds0 ; motions in second plane (plane X)

as0 ; and the motions at the conrieatpoint a0 which can be any of the six membbedow,
O N Y RY RY 'Y RY 'Y AY Y Ay Y (6.4.2.h)

In table 6.4.1. the-®OF chain is the main limbf the maipulator. Its structure is selected as

YYY Y'Y, or known as PRPU as name the joints.

Table 6.4.1 MotiondY'Y'YY'Y in0 0 O.

0 0 0O Options
Y YYY Y 5
Y YY'Y Y 3
Y YYY Y 1

For options ofthe other two limbgthe (2-RR)UU (Y Y'Y Y Y Y ) chainof 6-DOF is selected.
Figure6.4.1. (b)showsthe topology diagranthatrepresents therhole structure with nodefor
bodies and linefor joints. Figure 6.4.1. (c) and (d) show theanipulatorin working and lieflat
postures. Tastructureis denoted as PRJ/2-[(2-RR)UU] according ¢ [48]. The linear actuator
(model: DLA-12-40-311-200-1P65) [158] actuats prismatic jointP. The five-bar mechanism

[161] is actuated by worm gear motors (model: 9DEW20-30)[167] onrevolute jointR.
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The parallel fivebar mechanisniakesweight at joint R[ll] asthe parallel arms couldhke more

load than a serial arm. For heavy load applicatibiean beconsideedto attachan elastic support

(such asa spring and a ball) under the joint R[ll] where the supgests onthe floor.

BlEe] .
UE 7 UE1 UES] ™ _
B[F—i]./“ By @ BE3:
Upp2] ;’I \,.U[DZ] PPl U3 | ""‘.,‘ UD3]
S S S = Ce
Y = i i
Blas1] Blag BRI BlAq3]
Riadl o @

(a) (b)
Jowmnt U[E1]
Platform B[Eo] ;I w
JW‘ / ," Joint P[p]
—— \ |/ / LinkBg
Link B[E2] | \ Ay . Joint R[R1]
Joint R{ag?] | ~ "')JI_/ Link B1)

) =
Link Blag2] Jomt P

Jomt R[R2]
Link B[c2)

Joint U2
Joint R[] ;

courtesy of ASME

Figure 6.4.1 Mchanical desigr{a) perpendicular planes form the pattern of a i) 3T2R
parallel manipulator topology diagraige) the 3T2R parallel manipulator in working postuyi

lie-flat posture.
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6.4.2 Inverse Kinematics and Stiffness

Link positions calculatin and link interfenece detection are performed to evaluate the workspace.

E
Plane Ej‘ |
G
(a) (b)
oL 7 Or [
Yo s"‘“
P You
Lo [ X 0
y;\Ou ‘.‘ ﬂOn-z i N
SN VAR [),%"""'»—\.ﬁ,n
P \ . <he [
c/ ap / ap c Yoz . 3
/ Op § Ops3 \
/ Ain ~ '\ I
('<OZ Oq Y Oqs O, Ba
‘\ p } dex \ Y, . B
b\ aq, 9/ b [ B/
N4 N
\’/ Os ‘\Q’ //653 T
(© (d)
courtesy of ASME

Figure 6.4.2 Kinematics analys{g) the kinematic analysiéb) the limbs in vertical planes and

horizontal planeqc) links on horizontal planes projected on planédplinkson plane B.
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In figure 6.4.2. (a)thebase center is e#dunnn . The<,, L andd, arethreeorthogonal unit

vectors of the global coordinate.

L  pnmn , L mpn L mmp (6.4.3)
The three limbs are ithree mobilevertical plane€, 0 (Q c¢lv) in figure 6.4.2. (b).

The platform has 5DOFs. Theseare three translational motions=<., &L, ¢4 and two

orientation motions— &, , — A so thatr. "Q pltfv areobtained

EO® © d (6.4.4)
PR deded ATIOONOM (6.4.5.2)
Where
P Tt Tt
{4 ™ A6 OB+ (6.4.5.b)

n OB+ AT-©
Al-©6 n OB+
Jae M p T (6.4.5.)
OB+ m Al-©
Theoriented coordinate is gt with orthogonal unit vectors, L_andd! _

L £ L J 4 EF RF 6.4.6
m T "m " @ m g Rre ( )

Another coordinate is gt with unit vectorstm -and-lm -aboutvertical planes.

Iy m andim:: lm. Lﬂ 6.4.7
woglh F S & E ( )

Since limb 2 andimb 3 are inmobilevertical planesthe = positionscould be obtained.
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re R Qems 0% (6.4.9)

The linksof the fivebar mechanismare on different horizontal planéghese can be projected on

plane Ofor ease of kinematicgasshownin figure 6.4.2. (c).

F. F od mo £ (6.4.10.a)
F, F ol mo £ (6.4.10.b)
(6.4.10.c)
n (6.4.11.a)
I Al O —— (6.4.11.b)
I Al O —— (6.4.11.c)

Aird ORI m
OBl A O ™ (6.4.11.d)

L1 ) p

AifG  ORI1T n
Or1 A0 = (6.4.11.e)

L1 ) p
(6.411.f)
(6.4.11.9)

The™Q,"Q, "Q andQ needto be consideretb calculate the actual height of links.
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In figure 6.4.2. (d)links || | and||- || are in plane BThelinks of the ive-bar mechanism

are in different planes.ink interference needs to be checked for links in each plane.

Il n figur e sbippdsewd links( dF)and|rl [ke with Isoundary of andi respectively

are in one planéWhen boundarieffset is takenthis problemis changedo link || | with

boundari i and aline segmer |- . The twoshall notinterfere with each othefhe link

I |F with offset boundary will belivided to three areas I, Il and Il asownin figure 6.4.3. (c).

Criterial, line segmenf: |k could not touchine segmenty {| or==. Let fp & andak e

{ { for exampleas shown in figuré.43. (d). Thesameshould be checked fg = .

TF AFoAF AF = (6.4.12.3)

And

TF Ak 2dF AF = (6.4.12.b)

Criteria2, line segmeng- f coul d not touch ar ¢df dndavealfarr ea |

exampleas shown in figuré.4 3. (e). The same should be checked foa dlle
When | ko | ok ok n

ks i ik Fs 1o (6.4.13.a)
When | b o | of F ok n

skl s s Fsot i (6.4.13.b)
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could not touch area Il. (figu@43. (f)). As criteria 1 and 2 have

Criteria 3, line segment- |t
already beeshecked, criteria 3 only needs to check thats not inside ther 4 {| = rectangle.
b b obd B 6.4142)
Or
b= E{ oks k{4 o« (6.4.141)

Al of criteria 1,2 and 3 need to Isatisfiedto be interference free for linf | and [ |k . Al

links on a same plar@re checked by this method and unqualifiestpes will not be considered

for workspace/stiffness evaluation.
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S, L N\ Q: \\\\g//
(d) (e) ()
courtesy of ASME

Figure 6.4.3 Interference detection.
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courtesy of ASME

Figure 6.4.4 Jacobian matrix analysis.

In figure 6.4.4. (a), from the global cartesian coordinatlé, dahe moving platform centgf. has

alinear velocityo .and an angular velocity _ ., that contribute to the linear velocity gt

oge U= 0L 0o (6.4.15.a)
\ J_ \ \ J
og: U L, v Ao d (6.4.15.b)
i
oy 1 L1 lm (6.4.16)

Limb 1 has linear actuation velocity_g limb 2 orlimb 3 have rotation actuation veities © _

ando

S (6.4.17.a)

4 (6.4.17.b)




For imb 1, one could get__from o_.ando .

=

1. - O . [T (6.4.18)

© {s = [ ]

— s

=

For limb 2 orlimb 3, the linear velocity aj-could bedividedto o, mando, m,swhich are along
é-andil- A method of dot multiplicatioff1] [92] can be used sincg, mis not perpendicular

to

(6.4.19.a)

E Mé— 6 4 19 b
ouZ T = L ( e )

In figure 6.4.4. (b) and (c), angular velocity, . could be divided tao _;0, :ando , 3 thatare
along . 5 Jl-;g;%and L respectively. Components.;%@nd(o. ~have no contribution to, =,

excepto , =

(6.4.20.a)

where

(6.4.20.h)

(6.4.21.a)

(6.4.21.b)

In a summary, for limb 1, one could get the following relationship.
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an
S =
an
[ |
o
an
S =
an

FFE D0, (6.4.22)

For limb 2 orlimb 3, one could get the following relationship.

FV};QOQ-:O.-,-
kO Fbes 4.23.
—| F’*’QLH |=-'lr'>;' (6 3a)

|=v l: D0y M0, Wi
[ Ty 4.23.
1 Fydoll E,dy= (6.4.23.b)

So that,

DL Lo 001 (6.4.24.a)
o RV v v (6.4.24.b)

Jacobian matrixl considers the translational motion#a, L and<L : while lL. considers the

. . . J-L J
translational motion n4=_, _andJ o

L L .
(v =0 —O —O — -] é
il 5 L o L 5 L IL |’|n’J_LD Il
1 = A oa
”- 1 )-LA e} AO AO ”-A o} I'LA I} il IJ_Ln ] (6424(:)
g N
I I- L} -_— -_—. - I"Iu L,J"
Uao AO ”_Ap ”'A o ”'A o U -
L L L L L .
(v =0 —O —O — - |l é
L 5 L o L 5 L IL |’|n’J_L- Il
1 = ALl
I'L- 1 )'LA o ”-A o A O I'LA e} I'LA il IJJ m I} (6424d)
L 5 L . 1L 5 L L .’.er M
I I- L} -_— - -_— I"Iu L’J”
Uao I'LAO LLA o I'LA > I'LA o U -
where,
L F 1 4.24
—O - =| S (6 . .e)
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L I g (6.4.24.9)

[ v il v (6.4.24.9)
Hkofg:_% —r % ;ﬁwi% (6.4.24.h)
T e e (6.4.24.)

The singularity needs to be avoided, thus the elements in Jacuobisix L or ”—_should be of

finite magnitude (denominator is naero) and at least one of its elements in any row should be

non-zero.

Based on estimation of actuation stifndsg(@ v pmd g, Q@ p 0 X i opOne

could get the stiffnesé, and L _at end effectof41].

L lL &ALL

L L L L

[ m Am

Where

TQ Tt Tt Tt T -~
oy Y 1]
1 |T[ Q ,_,T[ n n ]
LL PO L | SR O | S 1
it 11 11 Q TIn
um T o T QU
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° 8 8 8 8,
I18 Q 8 8 8 1
L ,8 8 1 8 8, (6.4.25.d)
1] 8 8 8 NQ 8 Y|
u8 8 8 8 T U
© 8 8 8 8,
118 Q 8 8 8 1
L 8 8 71 8 8, (6.4.25.€)
1) 8 8 8 ~Q 8 Y|
u8 8 8 8 Q U

Stiffness mapping of the end effector are plotted for orient®tion— —

¢ 16— p ™0— and platform center heighL .

Similar to the transformamn from L to L one could replacé, with == or any other vector to
evaluate linear stiffness in the direction of that vector. In this way, linear stiffness in any direction

at . could be evaluated.

One could further optimiztie stiffness of the structure byastging the design parameters. Once

the design parameters are changed, some points will receive higher stiffness while other points
may receive lower stiffness. One may have to optimize stiffness based on a certainskork t
When work task changes, anottstiffness optimization may need to be practiced accordingly.
With the optimized workspace, the manipulator can generally reach as much place as it could.
Reconfiguration or adaption of structures may be effective itiased stiffness optimization.

Orfor applications that require less thaD®F, the redundant motions could be used to adjust for

higher stiffness.

Furthermore, Jacobian matrix could be used to check for mobj#@sHere the rank ot or ”—_

equals M, index of DOF.
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ot oo o (6.4.26)

6.4.3 Multi-objective DesignOptimization

Workspace is the prioritized objective to be optimized with others. The modeling parameters i
table 6.4.2 are constant. Table 6.4.3 givewv#n@bles for the optimization in a 50%~150% range
around the estimated valu@$ere is no original design in the beginning. The optimization seeks

design of best fitness.

In table 6.4.4, the workspaceesaluated for three orientatioRg g Q plklv of the platform.
All eligible positions of thef. within the searching ranges are counted as numbemhich

represent the volume of the workspace by orient®jgn
Q € (6.4.27)

BesidesQ "Qand’Q, other optimization objectives ai@for lowest height within search ranges
for lie-flat posture andQ B  w for minimum manipulatorige. Pareto front line is used to

search for the best result of all cost functions with no sacrifice to another.

Table 6.4.2 Modelingarameters.

Parameters Values Units
) T3t Y a
) L) a
L N T TSUX T8 X a
l ! Lol TP UTBI P LTBT P UTIBI P L a
T Q Q0 TSI P UTBIT LTIBT O TBT L LTBT G U a
| | | “Jg vjT X'IT i 0Q
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Table 6.4.3ptimization variables.

Variables 8 8 &) 1) Q
Ranges  [0.2,0.6] [0.15,0.45] [0.1,0.3] [0.1,0.3] [0.2, 0.6]
Units a a a a a

Table 6.4.4 Motion and search ranges.

Orientations and position Values Units
@ -0.1: 0.05: 0.1 a
@ -0.1: 0.05: 0.1 a
o} 0.2: 0.05: 0.4 a
Py — — T TT I ©Q
Py  — = ‘o m Yo
Py — — mtie Yo
Table 6.45 Optimization results.
W W W W W Q Q Q Q Q

Result1 0.384 0.301 0.169 0.199 0.325 =77 -105 -81 0.2 1.378
Result2 0.380 0.368 0.187 0.231 0.398 -105 -85 -90 0.2 1.564

Orientation 2

Orientation 3

Orientation 1

03 035
Ze Ze

(a) (b) (c)
courtesy of ASME

Figure 6.4.5 Full workspace ), P FP_ of result 2.
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Figure 6.4.6 Stiffness mappily — — ¢ ™— pT1O— andd T

Table 6.4.5 shows the results of the optimization and the cost function values. Two results are

selectedrom the final optimization solutions, with result 1 for the bestbfesult 2 for the best

of 'Q and the best 62 "Q "Qcoincidently.

The result 2 is selected for the full workspace plotting jn P andP_ in figure 6.4.5.
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With the diagonal of-, and L_, one gets eight indexes for stiffness, sucias®Q ,Q which
indicate the translatiohatiffness inL,, 1., & (figure 6.4.6. (a) (b) (c))Q , " Q A'Q which
indicate translational stiffness iy, L 4 _ (figure 6.4.6. (d) (e) (f)); and ,Q  which

indicate the rotational stiffness aroubdl , L_ (figure 6.4.6. (g) (h)).

6.44 Applications

Since the 3T2R parallel manipulator ha®®F and lieflat (deployable) feature, it may find
applications where the structure needs to be fold#Hen compared to other deployable
mechanisms, this manipulator has higher DOF than desig8]if2P] [122] while it is different

from a deployable stag@?].

In automobile manufacturing applications, the manipulator could work under the vehicle bodies
for drilling, laser cutting or material spraying tasks, when finished it lies flat to let the vehicle
passes @ar it until next vehicle moves over it. It couldeiagain and work under the vehicle body.

Similarly, it could work on the vehicle bodies from top or sides.

It may also find applications for maintenance or power charging of various types of vehilkkes in
field. For instance, it could work under thedes, rovers or walking robots that stop over it, then

it extends its OF moving platform to reach the area on the bottoms of these vehicles. Just like
the solar trackers with l#tat features which cdd supply power to this-®OF manipulator, they

both can lie flat when destructive storms strike. This feature allows the structure to lie close to
floor as to protect the structure from being destroyed in strong storms. Besides, it could also serve

as a gynal receiver stand.
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When less than 5 DOFs areeded, the redundant mobilities could be adjusted for higher stiffness

in demanded mobilities.

Whatever the applications, the manipulator couldl&ieclose to the surface it is mounted on, to

give spae or to protect itself.

6.45 Section Conclusion

A 5-DOF 3T2R parallel manipulator with each limb in two perpendiculangd is design from
synthesis method based on motion sets intersection theory and disseminated Chéhbylcleev
Kutzbach formula. e link interference detection is checked by bowndaffset method
considering the width of the links. Mulbibjective design optimization has been practiced.
Stiffness based on both global coordinate and platform coordinate are calculated and plotted for
the loading analysis of the moving platform. Ptidrapplications of the manipulator both indoor

and outdoor have been discussed.

6.5 Chapter Conclusion

A 5-DOF parallel manipulator and alBOF parallel manipulator are designed thatddeployable
function. The @OF manipulator has full mobilitiesnd is designed with three identicaD®F
limbs, while the 8DOF manipulatomwith nortidentical limbsin three mobile vertical planas
designed based antersection of motion sets and disseminatel @rmula The methodcould
be adopted to develop more hBIOF deployable manipulators with limbs in mobile vertical

planes.The actual DOFs verified by Jacobian matrix.
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The 6DOF manipulator interference is checked with pentagon identification, andihieliRe
criteria, while the 5DOF manipulator interference is checked with link boundary offset method.
The link boundary offsetmethod would be more generally applicable for interference

identification in parallel layers.

Jacobian matrix is modified fdranslational or etationalstiffness evaluation in any direction.

(example in J(2-RR)UU])
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Chapter 7 Dissertation Conclusion and Outlook

7.1 Conclusion of Research

Parallel manipulators generally have the advantages of high stiffness and premmsmared to
serial manipulators, however their workspaces are limited. The workspace may be further

compromised when additional design requirements set constraints &stge.d

Dynamic balancing and deployable feature are significant for manipulatapplications of
precise manufacturing and outdoor solar tracKiig dynamically balanced manipulators contain
additional balancing components, thus the link interfereveemzs to be avoided and its energy
consumption needs to be minimizdthe deployale feature in nostonfigurable platform parallel

manipulator is still rare and needs more research.

When designing dynamically balanced manipulators and deployable mamipwé high DOF
(spatial mobilities greater than three), the link to link interiee needs to be checked and avoided.
The parallel manipulators with limbs in fixed or mobile vertical planes have the properties that
provide solutions for dynamic balangindeployable feature and interference avoidaNowel
design principles and evaltion methods are discussethe design of parallel manipulators

follows the process of task, desigmaluationand optimization.

In chapter 4, dynamically balanced pla@ddDOF, 3DOF andspatial2R1T 3-DOF machines are
developed. The limbs abmlancedn horizontal plan€planar manipulator) dixed vertical planes
(2R1T manipulatorpt revolute jointsThe middle joint angles are reversed to avoid link to link

interference. The structural adaption and motion planning are employed for optimal energy
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consumption resultg the 2R1T 3DOF spatial manipulatoBy comparisorof the optimization
results the canbination oftwo approachesvorks better thastructuraladaption aloneThe (2-

RR)R or (2-RR)R planar manipulator has two base joints capable ofaélon (four optimization
variableson structur@. The 3RRS spatial manipulator has three base joints capable of relocation
(three optimization variablesn structure). The adjustable variables are offered by kinematic
redundancy. The-BOF balanced plamamanipulator and -®OF spatial balanced manipulator
can be combined to make aD®F balanced manipulator. The combination yieldsRCOH-
dynamically balancednachinewith five adaptive base joints (seven optimization variables

structure for optimizaton opportunities.

In chapter 5, two members of the 2R1-DOF P*U* parallel manipulator family,-BRS and 3

RPS, are redesigned with deployable function which isefid for storm protection of outdoor
working robots.For a useful butredundant motior{translation in z axig)a minimum height
algorithm is developed to rapidly calculate eligible workspace. Jacobian transformation matrix is
developed to calculate stifiss in any directions. The 2R1T manipulators have limbs in three fixed
vertical planes amh are free from interference. The kinematic redundancy in the fixed vertical

planes offers optimization opportunities and wind energy harvesting opportunities.

In chapter 6, the deployable design is expanded to hfi@F structures. A-®OF manipulator

and a 5DOF manipulator are designed. Their limbs are in mobile vertical planes. This design has
the property of avoiding link interferenaad large workspacd&he paallel actuation in horizontal

plane that moves the vertical planes need interferencé.cRacallel horizontal layensartially

avoid the interference and several methods are developed for convenient detection.
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Genetic algorithm is suitable for complexordlinear problem optimization. The design
optimization could be practiced before opematbptimization The design optimization deals with
design parameters. The operation optimization deals stitictural adaptive featuremd 6Or)
motion planning for optimal performanad a specific task.Both designoptimization and
operation optimizatin canbe singleobjective or multiobjective. Among the designs frombove
chapterswvhere applicablemaximumtotal workspace minimum sizesand(or) minimum lieflat
heightare considereds design optimizatioobjective(s)while the minimum energy comsption
for certain trajectoriesmaximum workspace at certain operation madaximum workspace at
certain areamaximumand (or) maximum generalstiffness at certain areare considereds

operation optimizatiowmbjective(s)

7.2 Research @ntributions

Novel design principles and evaluation algorithms are developethe detailed research

contributions are given below.

7.2.1 DynamicBalanced Various DOF Manipulators

1) The configuration change ariginal (2-RR)R or (2RR)R and 3RRS through middle joit

angles reversal avadink interference.

2) Spatial 3-RRS manipulatoris designedwith three force balanced limbs and two moment

balancing flywheels.

160



3) Structural adaptiorand motion planning argntegrated to seek optimization for minimum

energy casumptionin a spatial manipulato(example in3-RRS)

4) The combination of two balanceadterferencefree manipulatorsprovidesa higher DOF
balancedmanipulator oflarge workspaceThe DOF and structural adaption from the two

individual manipulators areombined.

7.2.2 Redesign of 3PRS and 3RPS Deployalde Manipulators

1) The3-PRS and 3RPS are redesignedvith deployableunction(lie-flat feature).

2) The 3RPS hybrid energy harvester harvests wind loads on solar panel through leg deformations.

3) Minimum platform heightalgorithmrapidly checks eligibility of possible pose of workspace

and shortesithe optimization time(example in 3RPS)

4) Jacobian matrikansformation for stiffness evaluation in any direction. (exampleRRPS)

7.2.3 Nowel Design of 5DOF and 6 DOF Deployable Manipulators

1) The6-DOF (2-RR)UU limb is designed. It haargeworkspace and deployablevhich serves

as limbs fordeployables-DOF 3[(2-RR)UU] and 5DOF PRPU/2-[(2-RR)UU].

2) Link interference is avoided @&achlimb is distributed in a mobile vertical plane and multiple
horizontal layersLink boundary offset methaapidly detects link interference for links on a same

horizontal layer. (example in FR/2-[(2-RR)UU])

3) Jacobian matrix is modified for stiffesevaluation in any direction. (example i}(@-RR)UU])
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7.3 Future Research

1.a) The 6DOF dynamically balanced machine combined »RR)R and 3RRS manipulators
could be optimized for minimal energy consumption with the five relocatable baseajuins

motion planning

1.b) The active force compensatiomay needo be considered for operations witieere includes

large amount material addition or removal which may affect the dynamic balancing.

2.a)The piezo chips othelegs of the 3RPS hybrid hawestercanharvest mechanical energpd
sense the deformati@s well Machine learning algorithm needs to be develdpaecognize the
loadingcondition on the solar pangirough piezo chipsThis could save theensorcost ofthe

model and helpo promde the hybrid harvesterto the commercial market.

2.b) A family of high DOF deployable can be designed with the design principles given in above
chapters.Thanks to thecomposition ofvertical and horizontal multiple plandinkages, the
possibilities oflinkage of a given DOF might be generated with computer program in each plane.

The computingalgorithmwill need to be developed.

2.c) The family could be further classified to groups of-sldss manipulators where theirigme

propertieswill be analyzdto matchcertain categories @pplications.

7.4 An Outlook of the Clean PoweredRobotic Systems
The figure 7.4.1 shows a system of robots.
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deployable manipulator

power supply

deployable harvester

Figure 7.4.1 A robotic system of balanced and deployahleipulators green energy powered

With the maipulators developed in the previous chapters, one could have an outlook to the future

indoor and outdoor robotic system that run on solar and wind energy.
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The balanced manipulator is working in the factiwat has low noise and vibration, and is energy

saving.

The deployable manipulator is serving the drones and unmanned vehicles which are transporting
parts between factories. The deployable harvesters supply clean energy to the above manipulators.
The deployable manipulators and deployable harvestersiecdlat to protect themselves from

natural disasters.

This robotic system is operating in a green way and working harmoniously with nature.
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