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ABSTRACT

Low Cost Automation (LCA) is of immense importartoeindustry, and even more so
for small scale industries. In implementing LCA eleining cost effective and
efficient actuator alternatives present challenfms design engineers. Most often
decisions are experiential or entirely based on ufaurer recommendations.
Experience based decisions are most often biaséd nespect to the engineers’
knowledge. Similarly, manufacturer recommendati@rs restricted to their own
products and are as such also biased. Either wayostimum drive alternatives may
sometimes be chosen. This demonstrates the neathfang better informed decisions

based on more than experience and what is availabiese.

This thesis reports the development of an eleeitaator selection procedure and aid
for use in the early layout design phase. It presideadily accessible information on
technically viable actuator options. Experientisowledge of experts in the field,

commercial information, as well as data obtainetnflexperimentation was used in its
development. Being orientated towards LCA, the pdoace has been targeted at the
application of electric motors and their associatedtrol technologies but can be
extended to hydraulic, pneumatic and other actaatorachieving a wider applicability

of the selection aid, a generic set of actuatop@riies descriptive of most actuators

was formulated.

An AC drives control evaluation was conducted feveloping the selection procedure
and aid. It provided a means to validate some 8ete@id rules associated with
actuator controllability. Quantitative data on speand positioning accuracies of
common AC three phase motors and their associatggtter technologies were the

targeted results of the experimentation.



OPSOMMING

Lae Koste Outomatisering (LKO) is van uiterste hgl&ir die industrie en juis te meer
vir kleinskaal industrieé. Met die implementeringnvLKO, bied die bepaling van
koste-effektiewe en gepaste aktueerder keusestdagimg vir ontwerpingenieurs.

Besluite word gewoonlik op ervaring of slegs op veardigers se aanbevelinge
gegrond. In ervaringgedrewe-besluite lei die inganise kennis gewoonlik tot
vooroordeel. Net so word vervaardigers se aanbeyelbeperk to hul eie produkte en
is dus ook onderhewig aan vooroordeel. In beidealigevword sub-optimale

aktueerders soms gekies. Dit demonstreer die biheein beter ingeligte keuses,

gegrond op meer as ondervinding en beskikbare gtedu

Hierdie tesis beskryf die ontwikkeling van 'n eledde aktueerder keuseprosedure en
-hulpmiddel vir gebruik in die vroeé uitlegontwegipé. Dit voorsien maklik bekombare
inligting oor tegnies lewensvatbare aktueerdereaspdtrvaring van kenners in hierdie
gebied, kommersiéle inligting, asook data verkrgafaeksperimente, is gebruik in die
ontwikkeling daarvan. Aangesien die prosedure o@Lldeérig is, is die toepassing van
elektriese motors en hul meegaande beheertegnélggiteiken, maar kan uitgebrei
word na hidrouliese, pneumatiese en ander aktueerder wille van die wyer
toepaslikheid van die keuse hulpmiddel, is 'n geser stel aktueerder eienskappe

geformuleer wat die meeste bestaande aktueerdsksybe

'n WS aandryfbeheerder evaluering is gedoen vir digwikkeling van die

keuseprosedure en -hulpmiddel. Dit voorsien 'n biy@g van sekere van die
keusereéls geassosieer met aktueerder beheerlbadthaintitatiewe data van spoed-
en posisioneringsakkuraathede van algemene WSad@emotors en hul meegaande

omsettertegnologieg, is geteiken in die eksperiglemesultate.
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CHAPTER 1 Introduction and Overview

CHAPTER 1 INTRODUCTION AND OVERVIEW

1.1 Actuator selection and low cost automation

Actuators are integral components of most automaschemes and engineering
systems. Being ubiquitous and significant to engjimg processes and systems, their
proper selection is a task the system/design eagimaist contend with quite often.
Automation in industry plays an important role byiproving competitiveness and
efficiency. In order for small scale industrieslie competitive and efficient in this

regard, low cost automation (LCA) is a necessity.

LCA refers to any technology that creates some eegf automation around the
existing equipment, tools, methods, and peoplengusnostly standard components
available off the shelf (Ramakrishnan, 2002). Asatided by Francisco (1972), low
cost automation generally involves building intodamaround existing standard
equipment, mechanisms and devices to convert sdl@anual operations to automatic

operations.

Proper actuator selection aids in achieving somA pgGals. The appropriateness of a
selected actuator for a particular application masy from industry to industry. Some

of the more important reasons for this variation appropriateness are cost and
accuracy. A choice however must be made, and daiegd by Crowder (2006), “the

final selection of an actuator is left to the systengineer, who is able to balance the
relative pros and cons on an objective basis”slfar this reason this research is
oriented towards LCA, and aimed at providing quackess to information on feasible

off the shelf actuator options for LCA systemsha tarly layout design phase.

The term low cost will be used interchangeably vatfordable, therefore a low cost

actuator alternative in this thesis refers to dardfble off the shelf electric motor.

The Department of Mechanical and Mechatronic Ergjing at Stellenbosch
University is presently undertaking the developmangd pool playing robot as part of

an Affordable Automation Research Platform. Thisegech platform forms part of the
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Advanced Manufacturing Technology Strategy (AMTB&p$hip program “Affordable
Automation”. Employed in the pool robot design arevide variety of actuators and

sensors with particular emphasis on affordability.

This thesis focuses primarily on electric motorghesmost viable LCA candidates for
automated actuation. This research is limited te twst automation, and has been
conducted such as to allow for incorporation of #@&ew variety of actuation

technologies, such as hydraulics and pneumaticalltov for a broad spectrum of

choice in actuator selection.

1.2 Problem statement and objectives

Actuators are available off the shelf in numerotends, operating principles, and with
widely varying functionality. The task of selectinge which provides efficiently the

required functionality for an application is a deabe. The ready availability of

manufacturer product catalogues, outlining charesttes and ratings of actuators helps
in some cases. However, because of inconsistemcraanufacturer information, most

engineers resolve to choose based on experienee.qlibstion thus arises what

happens where there is no relevant experience?

The scope of this thesis with regards to electrictam selection is defined by
automation applications and restricted to affordabBUtomation alternatives. It is
important to note that actuators could be custordana suit application requirements,
however because this thesis is focused on affdityalmnly off the shelf products are
considered. Automation applications will furthermobe limited to those with the

following features:

» Discrete parts manufacture, but with significarddurction volumes
e Series production

* Reconfigurable machines within these automationiegtpns

* Motors below 50 kW power rating

* Rated speeds below 7500 rpm

The objectives of this research are embodied itebénforming the system/design

engineer on determining optimum electric motorstele motor - driver combinations
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for applications in early design. It aims at pronglan easy and integrated approach to
the more critical aspects of the selection prodsssupplying information based on

actuator design and their associated drivers. Diectives can be listed out as follows:

* Formulating a generally applicable and easy to ardeator selection procedure
oriented towards LCA, with primary focus on electmotors and their interfacing
with drivers.

» Compilation of the developed procedure into an actuselection aid expandable
to more actuator types. The selection aid is irgeno enable designers to quickly

determine actuator types which are technically leiaiptions for a design at hand.

1.3 Motivation

The matching of system requirements with actuabtaracteristics is an essential phase
of the selection process because it provides aemde with which available actuators
may be compared and selected. Presently, matchingysiem requirements with
actuator characteristics is to a large extent egpgal in nature. This is suggested by
people in the field and a lack of available literaton adequate procedures for proper
implementation of this phase of the selection psec&The engineer who specifies the

control valve often selects an actuator at rand@hasin, 1990).

During the conceptual design phase it is usuallgrefit importance to determine the
proper actuation system to be used. An importastae for proper actuator selection
is, perhaps, because the choice actuation solutiap define the structural design

layout.

Where electric motors are the choice actuationesysh use, a vast number of motor
designs exist to choose from, each of which haweell@e characteristics which may be
used in deciding their viability for an applicatioDesigners involved with electric
motor selection rely mainly on experience or tuonmanufacturers for advice and
information on electric motor suitability. A prolote associated with information
amongst manufacturers is inconsistency. Informatiom different manufacturers on
the same application is most often different. Amgieeer selecting a motor from a
particular manufacturer catalogue is usually presligvith motor specifications as well

as their typical applications of use. The actuatiequirements of some automated
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engineering systems may deviate from those comnueiiped by typical applications

in catalogues.

Experiential selection poses an inherent threaystem efficiency, especially with the
fast growth in new drive technology. Pitfalls aflely experiential selection are not
necessarily obvious but the possibility of economais well as general system

inefficiency in the low cost automation contexbfamportance.

LCA requires that design cost be kept to a minimand so prevents exhaustive
actuator searches especially in the layout dedi@sen In actuator selection for LCA,
cheaper alternatives may be available which alsb sistem requirements. These
alternatives will go unidentified and unutilized #election is based solely on
experience. Furthermore, advancement in actuathinttogy has also brought along
more alternatives, which designers may be unfamiigth. Previously suitable

alternatives become less suitable with advancementtechnology, but more

importantly they could just be unnecessarily expensr uneconomical.

In view of such inadequacies, it is important t@riove the decision making process
especially for LCA systems in the early design phéy developing a systematic and
efficient affordable procedure for the proper setecof actuators. This procedure is
expected to provide a broad variety of electricor®for selection as well as motor —
driver interfacing information for optimum actuati@and system efficiency. In other
words, it should bring the choices to the desigaed more importantly give
information on why they are feasible choices. Mizimy experience dependency in
the selection process is an expected outcome afaheloped procedure. Reduced cost
in automation through cost effective decision mglkamd improved drive efficiency in
LCA applications by providing a broad base of aggilie alternatives for selection are

also expected outcomes.
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CHAPTER 2 BACKGROUND AND LITERATURE
REVIEW

2.1 Introduction

This chapter describes actuators, their classificAypes, criteria required for their
selection, selection of low cost automation (LCAjtuator alternatives, etc. Most
importantly it describes some contemporary procesiawvailable for actuator selection
as the main interest of this thesis. It finally ctéses the concept of knowledge-based
expert systems as a means through which the dewelupof the selection aid is

achieved.

Actuator selection procedures will be discussedemms of their effectiveness with
regards to selecting from a wide range of actuadastheir applicability with respect
to affordable off the shelf alternatives. For alecinotor selection, focus will be on a
wide range of designs as well as the inclusionrivieds in selection. It is important that
the LCA context is kept in mind throughout thisdise

2.2 Actuators

Actuators are basically the motion drive componédraisind mechatronic systems that
accept a control command and produce a changesiphisical system by generating
usually mechanical output such as motion, heatw,fletc (Jose, 2005). Their
appropriate selection is as such of immense impogtdo general system efficiency.
Before actuator selection can be discussed ithelappropriate to give the necessary

background for their understanding.

2.3 Classification of actuators

Actuators can be classified in many ways accordmgheir application, actuation
technology/physical law guiding them, type of mati@tc. Traditional and emerging
actuators are a more common means of classificatldnder the traditional

classification, actuators are essentially eledtriekectromechanical, electromagnetic,

hydraulic, or pneumatic types. The new and emerggmgeration of actuators includes
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smart material actuators, microactuators and nanass. Transducing materials of
some smart material actuators include: piezoete¢RZT) ceramics, shape memory
alloys (SMA), electroactive polymers (EAP), magmttictive materials (MSM),
electrorheological (ERFs) and magnetorheologicaidf (MRFs) (Anjanappa et al,
2002).

2.4 Actuator selection

The following paragraphs present some contempasalgction procedures and aids,
their merits and demerits with reference to thecdjpeselection issues mentioned

earlier.

2.4.1 Selection procedures

The process of actuator selection is one that edodated anywhere within the design
process depending on the applications for whidh required. For conceptual designs
in early development, actuator selection may baiired while the general layout
attributes of the system are still being determirtet example, the choice of using an
electric or hydraulic actuation system is influeshdxy system structure/layout and vice
versa. Actuator selection procedures can also l#emae of in redesigning existing
systems, general maintenance or for system upgrénlédke LCA context, selection
must be carried out with only off the shelf comni@di in maintaining the orientation

of this thesis.

A prerequisite for the selection of any actuatdtdsability to provide the functionality
necessary for the system to perform its required &8 and when needed, and for as
long as required through all operating conditiolke suitability of an actuator is
dependent on a number of factors, which could ol particular actuation
requirement that is intrinsically required by thgstem (Jose, 2005), energy
consumption or economic constraints. Actuator s$elecrequires that the system
designer has in-depth understanding of system nemeints, so as to be able to match

correctly these requirements with actuator charesties.

Actuator selection procedures can be classified software or literature based

procedures as illustrated in Figure 2-1. Softwageld procedures are those which aid a
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user in selection via a developed software appiinatwhile the literature based
procedures typically give literature on calculationethods, guidelines or tips
applicable to actuator selection. In software basextedures the user is essentially
required to supply information about the intendgstesm or is required to choose based
on displayed property options, from a database aifiadors. Software selection
procedures can further be categorized based ondbeice as: Manufacturer software
applications, Research software applications, andcéflaneous or Organization
software applications (organizations such as USaBement of Energy). Similarly,
literature based selection procedures can be sb@aseManufacturer catalogues and
manuals, Handbooks/Textbooks and Research typmtlite, and Miscellaneous or

Organization type literature.

Actuator Manufacturers
type software
Software based

selection < >
procedure/aids

Research type software

Organization type software (e.g.
CanMOST or MotorMaster+)

Actuator Selection |

Manufacturer catalogues,
Manuals

Literature based

> Selection 1>
procedures

Textbooks and Handbooks,
Research

> Miscellaneous literature

Figure2-1 Actuator seection procedurt

In general, selection procedures could be descrimdyeneric or specific. While
generic procedures have no specific actuator téogpmr design as their main focus,
specific selection procedures refer specificallyatgarticular actuation technology,

design, or a company’s products.

Literature describes software based procedureshvditt the purchaser in selection, in
terms of types, products available, characterisge®ergy savings and cost analysis.

Literature based selection procedures, such as bbakd describe calculation
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procedures for determining system requirements|endthers include tips/guidelines

describing certain steps through which suitableaotrs may be selected.

2.4.2 Software based selection procedures/aids

24.2.1 Research type software
Amongst the software based selection procedurasvisb-based actuator selection tool
by Madden and Filipozzi (2005). This software alowactuator technologies in its
database to be compared and evaluated based aneyahass, work, power and power
source requirements. This selection software reptssa more generic approach with
operating principle and technology as determinictdrs for actuator suitability. The
web-based tool however focuses on linear actuadchnblogies (thermal shape
memory alloys, ferroelectric polymers, conductirgdymer actuators, skeletal muscle,
etc.). It addresses the selection process by ewpblevice designers to input basic
needs (force, displacement, frequency, cycle Idenensions, voltage and power
available) and to retrieve an initial evaluationtbé suitability of the various linear
actuator technologies in the database. In the L@#&eaxt, this selection procedure is of

very little importance as its focus is on the meseteric actuator technologies.

Another software based selection procedure propdsedupan et al (2002), and
representative of mostly linear actuators, is by tfee most robust encountered in
literature at this time. The strategy is demonsttdly software that includes a database
of some 220 actuators from 18 families, and an lacke selection engine. It relies on
the comparison of actuator performance attributesso called “normalized” actuator
attributes as well as system performance, weigtitcast. The performance attributes,
unique to an individual product can be found ineaord for commercially available
actuators. These normalized attributes are to tenexharacteristic of most actuators

and of linear actuators in particular.

The software (Zupan et al, 2002) allows plots of gair of attributes, mapping the
chosen plotted attributes against those in thebdaty thereby eliminating those
outside the required range. The selection engieatifies those actuators which fall
within the required range and makes the specifitiador records available. This
software addresses selection from a technologaslpbint, but is devoid of electric

motors which are a commonly used means of actuati@utomation today. It focuses
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more on the linear actuators and also consistiseofrtore esoteric actuator technologies

which are outside the realm of LCA.

2.4.2.2 Actuator manufacturer type software

Some actuator production companies have similadyetbped software to aid in
selection of their own actuators based on presdrigtomation applications. The
Danaher Motioneering Engine (Danaher Motion, 208&n example of such software.
It functions by enabling the user to create prgjeloy first selecting a particular
application from six alternatives: lead screw, c@yor, rotary, nip roll, rack and pinion
and linear mechanisms. System parameters are th&ned, from which other
parameters may be derived. Possible actuator attees are then proffered from their
range of servo and stepper motors. Other toolsliecking speed-torque graphs etc.
for these brands are available (more or less likelactronic catalogue). This selection
aid places restrictions on application types armmiges solely on Danaher servo and

stepper motors, it however provides off the shethmodities.

Other companies in literature with similar selegtiaids have a somewhat wider
application set, however the motors are restritbethe company’s models. One such

software applications is the Mselect3E develope®&yasonic, 2007.

24.2.3 Organisation type software

The MotorMaster+ International (U.S. DepartmentEafergy, 2006) and Canadian
motor selection tool (Natural Resources CanadagR@fe similar organization type
software. These Software applications are chatiaetbby huge databases of electric
motors. The MotorMaster+ International has a mactufar's database of about 32,000
NEMA* and IECT motors while the CanMOST (Canadiaaton selection tool) has a
database of 43,000 North American and Europeanmioithese databases are built up
from specific manufacturer models of the major matoppliers in North America,

leading to the large number of entries.

" NEMA (National Electrical Manufacturers Association)
"EC (International Electrotechnical Commission)
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The CanMOST and MotorMaster+ focus only on AC irdut motors as the only
actuator alternatives within their databases. Thmction by using values deduced
from system specifications inputted by the usemptovide a list of applicable and

available alternatives from the database.

These software applications focus more on detaésign where specific solutions are
required and assume the need for AC motors, résgichoice to their pool of

alternatives based on the detailed design spetiditea No insight is given into motor —
driver compatibility and interaction as it affetie driven system. Being limited to AC
motors, other feasible LCA alternatives are notlengal. For instance DC motors
perform better where quick responses to contralagyare required (Rosaler, 2002).
DC motors may also be the choice alternative wheallssize is a constraint on the
required actuator. Similarly, a combination of nmret@and drivers may be a better
option for driving the system. These important atpeare not factored into the
framework of the mentioned selection proceduresvéier, a very important feature in
the LCA context is that they provide cost analyamsl energy-savings on applicable

alternatives.

2.4.3 Literature based selection procedures

Many handbooks are available which provide caloutasteps for determination of
system characteristics in relation to actuatorerEthough these general calculation
steps are very important with respect to selectibase handbooks fail in providing
possible alternatives for the determined relatigpsshwith the result that there exists a
gap between calculated values and feasible degmgst An excerpt from a system —
motor matching procedure for selection is - “Thetonanust have sufficient starting
and pull-up torque to bring the driven machine perating speeds” (Lawrie, 1996).
Before such a guideline can be utilized the desigmast know what actuator type or
technology is applicable. The mentioned guidelm@lso hampered by specificity of
actuator type. In this case, it referred to sqlcege induction motors. This excerpt
may not be readily generalized to provide suitabtilts especially for electric motor -

driver combinations.

10
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In general selection of actuators for most systésnaffected by the system drive
components in entirety (i.e. the interaction betwé®e driver, the actuator itself and
the feedback response). “The role of the actuatanost systems is to establish the
flow of power by means of some control actions (sp in response to process models
or sensory data so that the desired trajectorffestevely accomplished” (Jose, 2005).
These interactive factors play an important roldetermining the overall efficiency of
the system. The procedures mentioned thus farsHalit in this regard as they provide

no information on such selection intricacies.

The discussed selection procedures address thetigeleprocess from different
approaches and perspectives but aim to accomgistsame objective of selection.
While some of these selection procedures refeotoneercially off the shelf products

as prescribed by LCA, others are simply outside¢la¢ém of LCA.

2.5 Actuator selection criteria

In the selection of actuators, certain requirememés necessary to describe systems.
These requirements in turn may be used as crited@termine viable actuators for the
described system. The determination of these @itemecessary to provide a basis for
the comparison and selection of different actuaechnologies and types. The
following paragraphs highlight some general sebectiriteria with a more in-depth
discussion presented in Chapter 3 about the setediiteria implemented in this
thesis. Suitability of actuators for particular poses may vary as mentioned earlier.
Depending on the circumstances or the applicatmmwhich actuators are being
selected, selection criteria are prioritized by fthesign engineer and vary from

application to application.

2.5.1 Operational, performance and environmental selection criteria

Selection criteria in relation to system actuatiequirements as described by Vaidya
(1995) may be broadly classified into operationmrformance and environmental.
Selection of the proper actuator type is of higheority than power requirements or
coupling mechanisms of the systems which they dtiieder operational criteria, the
need for coupling mechanisms in some cases magrbpletely avoided if the actuator
provides an output that can be directly interfaveth the system. For example, the

11
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selection of a linear actuator rather than a rotrtuator obviates the need for a

coupling mechanism with the function of convertmgary to linear motion.

Performance criteria of importance in the selectdractuators for a specific need
include continuous power output, range of motiorsofution, accuracy, peak
force/torque, heat dissipation, speed charactesistio load speed, frequency response,

and power requirements (Anjanappa et al, 2002).

Another important criterion in selection is dutycts, The duty cycle of the actuation
system defines the speed and load variations dumm@gcomplete cycle of operation.
The power requirement during each segment of tiye cicle may be calculated from
the knowledge of torque and speed. Load types eanldssified into different duty
cycles describing operating time and load variaifidederer, 1997). These duty cycles
are defined as continuous, intermittent and rdpetitContinuous duty can be defined
as essentially constant load for an indefinitelgglgperiod of time. Intermittent duty
refers to load which alternates between indefimtervals of load and no-load; load
and rest; or load, no-load and rest. Repetitivey deters to loads for various intervals
of time which are well defined and repeating. Otldety cycle definitions more
specific to electric motors, as prescribed by NEMAd the IEC, are available in

Appendix B.

Environmental requirements also play an importaig in the selection of actuators.
Under such requirements, important concerns inckmleosiveness of environment,
ambient temperature, cooling medium and method;kshabration, altitude, humidity,
etc. For actuators such as motors, their mategiadisconstruction become an issue. As
a result of the wide range of environments in whaebtors are required to perform,

enclosure types are used as a means of clasgificati

2.5.2 Energy considerations in actuator selection

The efficiency with which actuators perform in ternof energy consumption is
becoming of major concern in most developed coesthiecause of increasing energy
costs. Electric motor driven systems are estimdtecconsume over half of all
electricity in the United States and over 70% oe#ctricity in many industrial plants

12
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(U.S. Department of Energy, 2006). As a result géhisr heightened interest in the

development of more energy efficient actuationeyst

In developing and third world countries where sustble development is of more

importance than optimization of extant technologiks issue of energy efficiency may
not be of great concern. It is however necessamppéement energy efficient decisions

and systems most especially in the LCA contexwtmdathe need for upgrades of these
same systems in the future. In selection for eneffigiency, running costs of actuators
are far more important than first costs. Runningtgavhich depend on efficiency must
therefore be given due consideration within theaen process (Desai, 1996). Cost in
this context has a profound influence over selecfior LCA and is significantly

dependent on the economics associated with thgraabsystems.

2.5.3 Control considerations in actuator selection

Several terms have been used to refer to electatompower electronics such as
controllers, amplifiers, drivers, converters andeiters depending on the drive of
focus. In this thesis the term that will be use@wheferring to general actuator control
is driver, while when referring specifically to A@Gotor control, the term inverter will

be used.

A driver can be described as a device which regsldhe state of a system by
comparing a signal from the sensor located in ffstesn with a predetermined value
and adjusting its output to achieve the predetezthioutput (IEEE, 1996). Control
selection in itself is dependent on the particulgre, size, and application of the

actuator to be controlled and the particular cheratics of the driven load.

Some of the issues relating to the effects of abmtn actuators and their selection are
protection, starting, stopping, speed, position aémdjue control, acceleration and
deceleration (Dederer, 1997). In general, the fancof a driver in any system is to

control speed, torque, or both, to keep currenthimiallowable limits and to control

acceleration and deceleration as well as posit@me actuators are inherently better
suited for certain speed conditions, but driverfuence actuator selection in this
regard. Speed control could either be open looprevhe feedback of actual actuator

speed is used, or closed loop where feedback id fme more accurate speed

13
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regulation. Adjusting speed in motors to meet dainean yield substantial energy

savings compared to running them and throttlingditneen system.

Some of the more subtle issues of selection atestiae actuator characteristics are in
part determined or influenced by drivers. Due t® ligh demands for precise control,
there is an increasing need for sophisticated obbets. To cater for application
demands for precise actuator control from bothtmosiand dynamic standpoints, an
actuation system may require a cost-effective drivith the flexibility and speed to

process complex control algorithms.

The intricacy of selection with regard to systemmponent interaction most often
requires optimization of existing configurationserative selection procedures have
been proposed which are aimed at such selectioitaotes, as demonstrated by
Skelton and Li (2004).

2.5.4 Electric motor selection for affordable automation

Electrically actuated systems are very widely usedontrol systems. Some of the
advantages of electric motors which make them #&msically viable candidate for
LCA are their easy accessibility (off the shelf guots), ready availability of
compatible electric drivers and availability of pemwhich can easily be routed to
them. Electric motors, unrivalled because of tiveirsatility, reliability and economy,
are a suitable choice in LCA. Motors provide thetiwe power required for a wide
variety of domestic and industrial engineering eys. Successful motor applications
depend on selecting a type of motor which satigheskinetic starting, running and
stopping of the driven system (Shaw and Corneld@)4). Sometimes, in order to

achieve these successful and efficient motor agipdins, drivers must be used.

2.6 Trade-offs in actuator selection

Trade-offs are most often made in reaching decssmnactuators and drive systems to
implement. Purchase cost, development cost andtemaince cost present such trade-
off challenges. Set up time for any new system,titne required to understand new
processes and software associated with settingeugrtve system have to be taken into

consideration. For example, a trade-off in mostesasust be made between the

14
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purchase cost of a modular off the shelf driveeysand the cost of putting together a
drive system that is of the same functionality ehmay be cheaper. The difference in
cost between these situations may determine whigle dystem to select, however it
still comes back to what is regarded as acceptakti@ costs which varies from one

situation to another.

Trade-offs will always occur depending on the speeipplication, its economics and
the engineering requirements which it must satigfy order to operate. The
responsibility eventually lies with the engineerdetermine the most advantageous
proffered or operational drive solution for the kggtion. The “big picture” must be

brought into focus in coming to conclusions on stb® choices.

2.7 Knowledge-based systems

The following paragraphs address knowledge-bass@isy as an important concept in

the development of the actuator selection aid.

The terms expert system, knowledge-based systerkraovdedge-based expert system
are often used synonymously. As explained by Gian@and Riley (2005), an expert
system makes extensive use of specialized knowlexlgelve problems at the level of
the human expert. Alternatively, knowledge-basestesys are computerized systems
that use knowledge about some domain to arrivesatlation to a problem from that
domain. This is depicted in Figure 2-3. This salntis essentially the same as that
concluded by a person knowledgeable about the doroéithe problem when
confronted with the same problem (Avelino and D&nk®93). The concept of
knowledge-based systems is being applied commbraial several fields of life
including engineering and medicine. An example ebmmercial expert system is the
XCON/R1 system of Digital Equipment Corporationedsin configuring computer

systems.
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Expertise System

Knowledge Base (Rules

Facts |
User Inference Engine

Expertise |

Data or Fact Base

Figure 2-2 Function of a knowledge-based expetesy$Giarratano and Riley, 2005]

The following are important terms related to expgdtems:

* User interface — the mechanism by which the useat #ie expert system
communicate.

» Data or fact base — a database of facts used Hgnmepted rules.

* Inference engine — makes inferences by decidinghwvhiles are satisfied by facts
or objects, prioritizes the satisfied rules, an@ames the rule with the highest
priority.

* Knowledge-base — a set of rules based on accurdulatewledge (commercial

and expert information)

Having defined these terms, a knowledge rule-basastiem could be defined as a
system governed by a set of rules used in drawifgrances and conclusions on a
particular problem (Avelino and Dankel, 1993). & rule based system, the
knowledge-base contains the domain knowledge netedsalve problems coded in the
form of rules. In the case of any selection aidyristic rules defined by experts, or
obtained as commercially available knowledge ameedi at providing solutions to the

selection problem. In this thesis, the problem doma actuators and the specific
problem being faced is actuator selection. Thesrubeuld ideally govern choice of

drive alternatives based on the designer’s inplite. data or fact base would contain
actuators and their corresponding properties, whideinference engine would be the

logic built into the aid for implementing the appriate rules.
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Rule based reasoning associated with these sygtlaysa very important role in the
development of the selection aid because of itdaiity to the human reasoning. This
is because experts often assess and draw condusxpmessible in al~-THEN rule
format. For instance, in actuator selection: ifaoplication requires high speed and

accuracy, then a feasible choice maybe a servomotor

Rule-based systems utilize inference to manipulaites. Using search techniques and
pattern matching, rule based systems automatenmegsmethods and provide logical

progressions from initial data such as system remqments to the desired conclusions
(feasible drive solutions). This progression mayseanew facts to be derived and lead

to a solution of the problem (Avelino and Danké€l93).

Another important concept in rule based systemdorsvard reasoning. Forward
reasoning starts with a set of known data and pssgs naturally to a conclusion.
Forward reasoning involves checking each rule terdane if the elicited user inputs
negate the premises of any of these rules. Backveasbning functions on the same
principles but starts from the desired conclusiod decides if the user inputs support
the derivation of a value for this conclusion. Daghe nature of the actuator selection

problem, forward reasoning is the intuitive reasgmnethod of choice.

The discussed concepts provided by knowledge-baspert systems make it a good

choice for developing the actuator selection aid.

In conclusion, having discussed some of the cmeess related to actuators, electric
motor selection and knowledge-based expert systermgloyed in developing the
selection aid, the following chapters provide ihsitp the efforts made to develop the

actuator selection procedure and aid.
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CHAPTER 3 SELECTION PROCEDURE
DEVELOPMENT

3.1 Introduction

This chapter is dedicated to providing informatikey to formulating the set of
selection criteria used herein. These selectioter@i form the subjects of the
knowledge-based rules introduced in Chapter 2 ascugsed in detail in Chapter 4.
This chapter furthermore addresses the approach ideas implemented in the

selection procedure and software development.

3.2 Terminology

Certain terms are necessary in understanding ascrideg the approach adopted in
meeting the set objectives. Some of these termbeanewed and explained from two
perspectives. These perspectives are the apphéagisign engineer’s perspective and
the actuator perspective. The following definitiongelation to the thesis subject and

the above mentioned perspectives will help in fifargg some of these ideas.

Application:

This is the name given to any system for which aciuselection is performed.
This includes systems at the design stage as we#xssting systems requiring
maintenance or modification and could range fromiraple fan to robots. The
applications of focus in this thesis are howeveséhin the early design phase.

Application requirements:

These could also be called the systems’ actuagguirements and refers to the
functional requirements that the system/applicati@myuires to perform its
designated task as prescribed by the design enmgidee application can for
example be described as a high speed applicatiomy atarting torque application,
a constant power load application, etc. This teasidally refers to any property
that the engineer uses to describe effectivelyappgication.
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Actuator properties:

From the actuator perspective, these are propéni@¢san be used in describing an
actuator or drive solution (i.e. motor, or motordanverter). Actuator properties
and application requirements may have a one toconelation. This is evident in
the fact that an application possesses certaineptiep by virtue of its design and
requires the actuator to provide those propertessessary to achieve the design
objectives. For example a high speed applicatidhrequire a high speed actuator
to deliver the necessary high speeds. As suchatectproperties in many instances
share a common name with their corresponding agijmic requirement (e.g. high

speed actuator and high speed application requirtgme

Actuation scenario:

This refers to a combination or a set of applicatiequirements. Actuation
scenarios describe in totality the conditions timatist be provided for the
application or system to function properly. For repde, a predefined actuation
scenario used in the selection software aid ishiigrting torque with low starting
current, where limited speed control is requiredisTcomprises high start torque,
low start current and limited speed control asvittlial application requirements,
but together forms the scenario necessary to thir@pplication.

LCA motor set:

This refers to all motors which fall under the ueilar of low cost or affordable
automation. In this thesis, the LCA motor set iglfar limited to motors readily
available in South Africa and under 50kW, etc. &nhtion in the Chapter 1.

3.3 Selection criteria

Selection criteria can be viewed from the actugenspective as “actuator properties”
and from the design engineer’s perspective aséaystactuation requirements”. They
can also be of a generic or specific nature. Gengmpe selection criteria are
representative of all actuators, specific selectmiteria on the other hand are

representative only of a particular actuator typeclassification. Range of actuator
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motion, for example, is a generic criterion anddusedescribe all actuators. Using this
criterion, actuators could be either rotary ordindn many cases defining the range of
motion may be used as a first step to selectioactifators for particular applications.
This approach is adopted in the selection aid adfitht step to obtaining applicable

LCA solutions for user defined applications.

In determining selection criteria which are chagastic of electric motors and also
generally applicable to the larger set of actuatirbecame necessary to divide the
selection process into three phases. The firsteplesails the selection of motion
range/type required by the user’s application asadly discussed. The second phase
considers system parameters such as speed, teaqniml, etc. Finally, the third phase
considers selection criteria such as cost whictkelraginly economic relevance with
respect to the appropriateness of the actuatdretintended application/system. These

phases are further discussed in Chapter 4.

3.4 Criteria considerations

There are an almost limitless number of actuat@igis that can be employed in a
given system using any number of mechanisms (Samith Seugling, 2006). Criteria
for actuator selection or comparison differ frorasdification to classification and from
type to type. However, in describing actuatorstaterattributes (generic criteria) must
be addressed which are characteristic of actua®s whole. Some of the criteria of
most importance in specifying applicability or pmrhance of actuators for a specific
system or application may include range of motioreér/rotary), power requirements,
speed characteristics, machine volume/actuator nwe|u accuracy/resolution or
precision requirements, load characteristics, feegy response and operating

temperature range.

Actuator specific selection criteria may includéedhspeed (rpm) and torque (Nm) in
the case of electric motors, stroke (m) in the addeydraulic cylinders or bandwidth

(Hz) in the case of piezoelectric actuators, etc.
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3.4.1 Criteria definition

Identifying a list of selection criteria represdive of all actuators (generic criteria) is
of great importance if comparisons and selectientarbe made across a wide variety
of designs and technologies. The following is adisselection criteria adopted in the
selection aid and a breakdown of their applicabilitith reference to describing
actuators. These criteria as much as possible geosai general description for all
actuators, but at the same time cater for the 8paeiquirements necessary for the

selection of rotary actuators, more specificallcélic motors.

* Range of motion

* Available power supply — Type of power (AC or D@ymber of phases

* Speed

 Torque

* Load characteristics — Nature of load imposed Isyesy or driven loads

* System control — Type and nature of control reqLiog the application, such as
open or closed loop, speed control, position @bntorque control and overshoot
requirements

» Drive configuration and directional operation modes Direct or indirect
connection with actuator (electric motor) and nded forward and backward
motion or movement

* Noise and thermal emission considerations

* Environmental considerations

* Speed variation

» Starting current

e  Start duty and duty cycle

* Cost

« Size, Mass

Although some of these requirements such as gactinrent are of a specific nature
with regards electric motors, most of them are iapple in determining viability of
actuators in general for any particular applicati@ach criterion in the list was

formulated as an application system requiremenichvban be decided by the design
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engineer even if he/she does not have previousriexige with or knowledge of the
actuator properties. These criteria formulated yagesn requirements were used in

defining the knowledge-based rules implementetiénselection aid.

In discussing selection criteria, certain significalistinctions can be made from a
design engineer’'s perspective; some selectionrieritere functional requirements,
while others are constraints, as classified in fatic Design by Suh (1990).
Functional requirements are simply the specificuregnments stemming from the
application design objectives. System constrairgdimitations imposed by the system
in which the design solution must function, whitguit constraints are constraints in
design specifications. With respect to actuatoed&ln, functional requirements are
those criteria which influence selection based logirtdirect relationship with the
application requirements (design objectives). k| shhme light, system constraints are
criteria necessary for the specified applicatioriutaction, while input constraints are

criteria expressed as bounds on size, weight, ral@nd cost.

34.1.1 Range of motion
An application requirement's range of motion carlassified as one of the following:

Rotary with an infinite displacement capability
Rotary with a finite angular displacement/stroke

Linear with a finite displacement/stroke

It should be noted that mechanical power transomsdievices, mechanisms or drive
components (e.g. slider-crank mechanisms, belts katldscrews), can be used to
convert one type of range of motion into anoth®ince these devices are very diverse,
they are excluded from consideration in this thes®ange of motion is regarded as a

system constraint.

3.4.1.2 Available power supply
This criterion in a broad sense specifies the eabfithe power required by the actuator
to function. Power could be sourced in the fornmeat, sound, electromagnetism, etc.
The type of power available for use by actuatory ha a necessary criterion for

choice. Having said this, it is important to noatt power could be supplied in one
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form, converted and delivered in a more suitablenfas dictated by the working
principle of the actuator. Presently it is possitweconvert one source of energy to
practically any other form. However this conversionplies added resources in
equipment and cost; this reduces the economic linalmf the selected actuation
system. It is therefore important to, as much assiate, prevent the need for any
conversion and in so doing restrict the power sppplthat which can directly be

utilized by the actuator. This is important in kiegpto LCA objectives.

In most automation applications, the power requingthe automation itself will not be
so large that the available wattage would be ingmirtThe wattage was therefore not

used as a selection criterion.

For electric motors, electric power could be reedias AC single-phase, AC three-
phase or DC. Conversion between these power sspgdie be achieved with relative
ease and fairly cheap equipment. However in certases such as battery powered
applications, DC power supply becomes the onlyréieve for use. A conversion of
power in such a case will be uneconomical unlessetlare other advantages to be
derived in doing so. Such an argument makes powgply of significant importance
when selecting electric motors. For the design reawyi, power supply represents a
system constraint and may be varied within theamgtiof AC single phase, three phase

and DC power.

3.4.1.3 Speed and torque
Since actuators in the automation context are &fyidevices that impart movement,
rotational/linear speed and torque/force are furetdal requirements. The range of
approximate or exact values of the speeds andeerrpguired by the application (note
that both the upper and lower limits may be impajtaletermine whether a particular
actuator is viable. In electric motor selectiontedmination of system speed and
torque/force form the basis of most selection datmns and speed-torque/load
characteristic curves. The process of determirtiegéd values for applicable motors is

most often referred to as “electric motor matching”

Speed and torque, as selection criteria, are reptatsve of all actuators with rotary

ranges of motion. While some actuators are capabldelivering speeds of up to
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7500 rpm, as in the case of servomotors, other®obndeliver speeds up to 1400 rpm
as in the case of some AC induction motors. Sityilawhile some actuator
technologies can supply torques as high as 3000dtmers can only supply torques of
0.5 Nm. Some motor-driver combinations will onlywgismooth operation down to a
certain minimum speed. If the application requil@ser speeds, the use of a speed
reduction device, such as a gearbox, may be usdating that speed within the
operating range of the motor. Since the rangeoséible gearboxes and belt & pulley
combinations are too large to include in the sedactid database, the designer will
have to consider the use of such devices beforenulating the application

requirements.

When an application requires linear motion, speey miso be defined in terms of
m/min, while force will replace torque as requiremeSpeed and torque represent
functional requirements derived from the applicatiesign objectives.

3.4.14 Load characteristics
All applications/systems can be described by thead characteristics. Similarly all
actuators can be described by the load charaatsrigtey are capable of sustaining.
This fact makes load characteristics important aselaction criterion. For electric

motors, typical loads can be described as:

* Constant torque, variable speed loads
» Variable torque, variable speed loads
» Constant power loads

» Constant power, constant torque loads

* High starting/breakaway torque followed by constanjue

Certain motor designs are inherently better sditedome of the above mentioned load
characteristics than others. Other motors may baptad to sustain these load
characteristics by using drivers. Determining wiha@ad characteristics a system
presents provides a means for determining the eaiplity of an actuator. For the
design engineer this is viewed as a system constemid most often cannot be

compromised.

24



CHAPTER 3 Selection Procedure Design and Methodol ogy

3.4.15 Controllability
Depending on the function of the application todbeen, some amount of control will
be required for speed, position or torque. Simylalchoice of open or closed loop
control describes the degree of control precisiequired by the application. Speed,
position and torque control are system constrawhgch are necessary for proper
functioning of the application. Applications mayquére control with respect to the
mentioned parameters in different combinations aod different degrees and
accuracies. It is important to note that in thescafselectric motors, the controllability
of the mentioned parameters is highly influencedt®y use of drivers. This as such,

determines the selected motor as well as the didviee used if necessary.

An overshoot limitation may be an important fadimiconsider in certain respects and
is included within the controllability requiremei. closed loop control overshoots are
often encountered. The extent to which this issane is dependent on the requirements
of the application. Overshoot can however be rdagdlavithin certain limits by using
drivers with tighter closed loop control toleranagsich prevent excessive deviation

from the target position. Overshoot limits are tghy system constraints.

3.4.1.6 Directional requirements
Directional requirements can be either unidirealoor bidirectional and can refer to
the direction of the motion or the torque. For egama fan with blade rotation in only
one direction requires a unidirectional motion whal conveyor that moves back and
forth requires bidirectional motion or reversihiliiSome applications may require the
actuator to act as a brake during some stages efatipn, and then the torque
requirement is bidirectional. Drivers are capaliealtering the directional operation
modes of electric motors. These criteria are olshouiewed as system constraints by

the design engineer.

3.4.1.7 Noise and thermal emission
Noise and temperature considerations refer to pication needs with respect to
sound and heat, and are constraints on the sys#tgpiications in which these are of
concern, usually require that sound and heat ggoerare kept to a minimum. Some
peculiar characteristics of motors make them viatdaedidates in this respect. For

example the brushless DC motor possesses low themmigsion properties, which
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makes it suitable for applications in which tempem is a constraint on the operation
of the application. Similarly the ability of an aator to function as silently as possible

could be used as a possible criterion for its $elecas in the case of DC servos.

3.4.1.8 Environmental considerations
This criterion prescribes the working condition abtitities of the actuator. Working
conditions of any engineering system are alwaywetkas system constraints and have
great influence over applicable actuators. Someatats are able to function normally
in harsh/corrosive environments by virtue of tttgsign or enclosures, others by virtue

of their technology, operating principle or sizetba micro and nano-scale.

For electric motors, enclosures are designed whach specifically suited to
environments which are corrosive, dusty, explosfied dripping, splashing, etc. By
virtue of its design the DC brushless motor is tégpaf functioning in a vacuum,
making it suitable for aerospace applications. Santaator technologies on the micro
and nano-scale by virtue of their size are betiéed to operation in a wide variety of
environmental conditions. The working environmehtha actuator and driven system
constrains applicable actuators to those capablenationing effectively within these
environments. A list of some enclosure types desigio equip electric motors for the
wide variety of environmental conditions in whidhey are expected to perform, is

given in Appendix B.

3.4.1.9 Speed variation
Speed variation is common to operation of all acitsabecause they all have speed
characteristics. However the manner with whichsitaddressed in this thesis is in
specific regard to electric motors, and will becdissed as such. Electric motors could
inherently be constant speed, variable speed oistatjle speed. They could also be a
combination of variable and adjustable speed orsteort and adjustable speed as
prescribed by their inherent and acquired proper{@operties acquired by using

drivers).

Due to nomenclature irregularities in definitiorfsvariable and adjustable in literature
it will be necessary to adopt definitions which Wik adhered to herein. Adjustable

speed property of a motor is thus, the ability @fton speed to be manipulated by the
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user when necessary, while a variable speed pyopéra motor is characterized by
speed fluctuation about the mean synchronous speddis dependent on loading

conditions.

As a selection criterion therefore, the applicatspeed variation requirements dictate
in cases where drivers are not used, whether aaminyariable or adjustable speed

motor will suffice.

3.4.1.10 Starting current
Starting current is another criterion with specifigard to electric motors, and is
viewed by the design engineer as a system conistEdectric motors can be described
as requiring high current or low current to stggt 8ome motors exhibit both high and
low starting current properties. A high startingrremt could mean a high starting
torgue and vice-versa, similarly a low start cutreould mean a low starting torque
and vice-versa. In some cases motors are capaldghdfiting a low starting current
property with high starting torque as in the caissomne three-phase AC motors. These
properties provide a basis for selection of thesgors depending on the torque or
current requirements of the application or drivgstem for which the motors are to be
selected. However, this criterion is only effectifa solutions without drivers, as
drivers may be used to overcome the starting ctexiatics of the different motor

designs.

3.4.1.11 Start duty and duty cycle
These two criteria constrain applicability of at¢tira in the sense that certain actuators
are capable of sustaining only certain modes of digties and duty cycles. Start duty
may be described as a combination of frequencytaft @s well as the loading
conditions at start up. Certain literature refergltity cycle as life cycle or robustness
depending on the technology of reference. Dutyecygduld be of two main types, i.e.

continuous and intermittent. With reference to #leenotors, several other types such
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as repetitive duty have been defined. Other dutjesyas defined by the IECT are

available in the Appendix B.

Actuators may be better suited to either continuousintermittent duty cycles
depending on their design, type or technology. Atits can as such be selected based

on their suitability for different duty cycle cotidins.

3.4.1.12 Purchase cost

Cost, by its definition, is a design constraint,iethlimits applicability of an actuation

system by virtue of available funds for purchaske Ppurchase cost of an actuation
system may depend on the required accuracy andotoimt the sense that a balance
must be struck between the accuracy/control redquared the cost of achieving such
accuracies or control. For certain applicationsneleontrol and or accuracy cannot be
compromised, expensive, accurate actuators anérdrimust be used. On the other
hand, where these performance parameters are ngssrtant, cheaper actuation

systems may be utilized to achieve the requiretbpeance of the system.

For the selection aid, purchase cost will be reftto in terms of a "Cost Index". A
non-dimensional index was chosen because, thowglyuantity may originally have
been a Rand value, the selection aid does nottkaelp of price fluctuations over time
and differences in prices quoted by different sigppl Some of the reasons for price
fluctuation from company to company are exchangeesravariations, special
arrangements between a buyer and a supplier, $patés, discounts, etc. As such,
referring to cost directly as used at the time eWvelopment of the aid may be
misleading. The cost index is rather a relativet dodication amongst applicable
actuators and may be used as a rough estimatetuataic drive costs but cannot be

used as the true prices for reasons mentioned above

3.4.1.13 Size, mass
Size is also a very important criterion in actuagetection. It is fundamental to all
actuators and may be used as a limiting factonenchoice of actuators for use. Size in
design represents a system constraint. In actsalection, size in many cases has a

*1IEC (International Electrotechnical Commission)
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direct relationship with weight particularly withithe same actuator technology, as
such the smaller the actuator the lighter it iSsTé of great importance in aerospace or
small/miniature robotics applications where theme aigid weight and or size

constraints imposed by the functionality of theleggpion or its operating environment.

3.4.2 Selection criteria conclusion

In conclusion, certain actuator properties coverdhteria for electric motor selection.
These generally include the properties that enhpec®rmance, and make the motor
suitable for a given application. Weight, size amtlosure are critical and generally
treated as important constraints. Reliability andintainability are important,
particularly in large complex machinery operatingag from maintenance facilities.
The most important issue is the cost of the mokat tprovides all the required
performance characteristics (Vaidya, 1995). Whil# the above mentioned
performance criteria are important, the determamabf their specific values can only
be of use after the decision on what types of actsare applicable and are capable of
providing the required performance. This is onetlod objectives of the actuator
selection aid, to give insight into what actuatare applicable and efficient with

respect to prescribed user applications.

3.5 Selection procedure design

In order to ensure accuracy and efficiency in tlevetbpment of the selection

procedure, systematic engineering approaches wiired. Top-down and bottom-up

are approaches on which traditional engineeringgdasethods are based. A top-down
approach starts with the view of a system as aevhol involves understanding how
all its components fit together (Blanchard and keky, 1998). In the case of the
selection procedure this would involve establishmognections between applications,
application requirements, actuation scenarios,aagtproperties and actuators. A top-
down approach is implicitly performed by the desangineer in selecting an actuator.
A bottom-up approach builds on fundamental subesysaspects in order to create
relationships necessary to understanding the systera whole. In relation to the
selection procedure the bottom-up approach involstdting with a set of known

fundamental actuator properties and building upwamh new and established

connections towards related applications.
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3.6 Selection procedure methodology

In the development of the procedure, applicatiomsewdefined by the requirements
necessary for their operation using a top-down @ggr. Using functional application
names such as fans, hoist, trolley, etc was irtiéa$or several reasons. One of such
reasons is that several actuation scenarios coeldused in describing similar
applications. Fans as an application for exampde, loe appropriately correlated to
several actuation scenarios, they may be small,iumedr large sized for various
purposes all differing appropriately in their resipge application requirements. Where
some fans are used in domestic applications they atso be used for industrial
purposes with distinct actuation scenarios. Du¢hto numerous names under which

applications exist, such an exercise would beutil

A bottom-up approach was used to provide a traeepdth for all correlated data and
involved the definition of fundamental links betwesotor designs, motor properties,
and their related application requirements. Thegerchined connections were required
to establish the basis for proffered actuator oytiand formed the platform on which

the knowledge-based inference engine (software)agid rules were built.

The formulation process involved a correlation aftton design to corresponding motor
properties. This was followed by a correlation bk tmapped motors and their
properties (actuator properties) to correspondimgplieation requirements. The

correlation process in itself was independent cdécd#jc applications. However, it

provided definitive mapping paths for the corraatiof application requirements or
actuation scenarios to any desired applicationes&hmapping paths result in the
creation of direct links between any chosen apfioaand applicable motors. Figure

3-1is an illustration of the formulation proceses the selection procedure.
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Application/System —
defined by application
requirement or
actuation scenarios (a
set of application
requirements)

Ary| <—> |Mpm

Drive solutions —
defined by motors or
motor — inverter
combinations

Actuation scenario (A — ARy,)
Application requirement (&)
Motor properties (M, — MP,)

1 — Correlation of motor designs to motor propsr{iry, ..., MP,)

2 — Correlation of motor properties &M ..., Mp,) to application requirements g4 ..., AR,)
3 — Correlation of any defined application to apgiion requirements @, ..., AR,)

4 — Link between user defined application and dsivitions created by 1, 2 and 3

Figure 3-1 Selection procedure formulation process

An important step in the development of the sebecprocedure involved formulation
of selection criteria options as application reguoients specific to actuator (electric
motor) properties. For example, environmental dpegaconditions as an application
requirement could be normal, vacuum or corrosivstawith motors having a
corresponding property which allows them to opeilateracuum or corrosive/harsh
environments. Many of these requirements are eithierrelated or mutually exclusive,
lending themselves to the logic and rules implem@mwithin the selection aid. This
means that some requirements can be inferred fierahoice of others or the choice of

certain requirements may obviate the need for sther

The definition of the knowledge-based rules frone thpplication requirements
discussed above and specific to actuator propensegired expert and commercial
information to ensure that the proper definitiorsrevmade. These rules showing the
relationship between application requirements, aotuproperties and the actuators

themselves are discussed in greater detail inalf@ning chapter.
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3.7 Nomenclature and descriptive irregularities

The nomenclature used in the selection proceduteamhis of immense importance to
its usability. Factors which attracted particulateation in this regard include
inconsistency in property description. This arises situations where multiple
descriptions are possible for the same propertyta®eproperty descriptions may be
understood to mean the same thing, but may hawy stdyied meanings with respect
to the particular property in question. Making aféxl terms distinct and unambiguous
was necessary to also ensure clarity, consistendyadaptability of the procedure to
other actuator types with similar properties. Fbistreason a glossary of terms
(Appendix B, accessible within the software setattaid also) was compiled with

respect to electric motors, and expandable to @ttierator types.

3.8 Drivers and their effect on selection

A very important aspect of electric motor select®the use of drivers whereby overall
drive characteristics of a system can be manipdil&te provide drive outputs not
usually achievable by motors alone. Motion conteaEn be categorized into:
sequencing, speed control, point to point contnal mcremental control. Recent years

have seen significant advancements in control @olgres such as vector control.

These control technologies have the effect of mwirey applicability and general
efficiency of motors. For example, the applicatmhinverters to constant speed AC
induction motors may be used to produce high pietiadjustable speed servo drives.
A concurrent selection of applicable drivers isréfiere indispensable if optimum
choices are to be made. With this in mind, it wasassary to incorporate a concurrent
selection of drivers into the design framework loé selection procedure and aid for

optimum performance.

Drivers, unlike motors, require considering theutemt performance of the drive
components together. In the development of thecBefeprocedure, the use of drivers
is a decision entirely dependent on system requ@nesn If a driver is essential to the
driven system, only options with drivers are viabfgions (i.e. optimum control and
drive options are made available to the user)oVidwver, a driver is not required, drive

options with drivers included are still viable, piding the user with optimum
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alternatives in all situations. If application t@aces with regard to speed, torque and
position are close, then drivers are most likeheaessity. Such control conditions also
require the use of components such as tachome¢sdyers or encoders. A choice of

these mentioned components is dependent on thdispequirements of the driver

being used.

Having taken the above considerations into accatinet,available choice of drivers
applicable for any situation is based on eithertamaged or off the shelf brands.
However, because this thesis is focused on LCAy, dniVers available off the shelf are
considered. To handle the myriad of drivers avéglalff the shelf, operating principles
and functional capability were used to provide aanse of selection for drivers
accompanying actuators. Voltage flux vector conf#tC) and current controlled flux
vector control (CFC) inverters accompany AC motorsgenerative and non-
regenerative drivers accompany DC motors, while avawo phase and half step

drivers accompany stepper motors.

In conclusion, the concepts discussed thus far ruddénition of selection criteria,
selection procedure design and methodology, anderdrisum up to provide some
fundamental ingredients necessary for the develapnoé the selection aid. The

development process for the software selectionsgiesented in the next chapter.
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CHAPTER 4 SELECTION AID DEVELOPMENT AND
DESIGN

4.1 Introduction

This chapter explains the process by which thecgelesoftware aid was developed. It
presents arguments for software nomenclature andtste. Most importantly, it
explains the rules implemented in the aid whichre@sent the important decisions in
terms of applicable actuators and drivers neces$aryoptimum actuator drive

selection.

4.2 Software development

The development of the software from the formulaieztedure required that a feasible
actuators list be created either by a process ditiad or elimination from a design
space of electric motor actuators. The non-unigseré solutions for any particular
application is a reason for using elimination irefprence over addition. Similarly,
because the selection aid focuses on the earlgrigdiase, elimination becomes an
intuitive choice where there are incomplete uspuis (application requirements). The
elimination process formed the basis for most efgtbftware aid design decisions and

is eventually reflected in the rules presentechieiron in this chapter.

Having introduced the concept of elimination, tvaatbrs played an important role in
the implementation of the procedure as softwaee the effort required in performing
selection and the rate of alternative eliminatioonf the design space. Reducing the
effort with which the selection process is perfodm&as given priority over the

elimination of inapplicable alternatives.

Minimizing the selection effort required that thelavant application requirements
arising from specific motor properties in the fotatad procedure had to be reduced in
number from the original set. This was achieved hBrnessing requirements’
interrelatedness or mutual exclusivity as mentioried Chapter 3. User input
requirements were designed to incorporate sevegication requirements as well as

elicit as many corresponding decision points assiptes A process of refinement in
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stages was also adopted in minimizing the numbeapglication requirements by
breaking the selection process into phases. Thdfredt phases act to remove
inapplicable actuator alternatives from the desspace, ensuring that the rate of

elimination is also effectively handled.

Structuring the phase by phase elimination of a@otualternatives required that the
input options (application requirements) formattstaut as general as possible with
absolute answers (i.e. a choice between rotaryneall actuation). The options then
narrows down to specific details regarding the @ppibn requirements with relative

choices (i.e. choice in degree of particular systequirements). For example, speed
control or positioning accuracy have different aegrto which they may be required in
an application (e.g. <¥360< +5° to +45, <+1° positioning accuracy). Elimination

ends with cost and size. These phases are explagied and illustrated in Figure 4-1.

* The first phase entails the selection of motiongeamequired by the user's
application. This selection has to be done firstalse the subsequent selections
steps depend largely on the motion range.

* The second phase requires the user to specify athiation requirements such as
speed, torque, control type, etc. These critere wsed to decide whether a
particular actuator is at all capable of satisfythg actuation requirements. The
result of this step is a set of technically viahlguators for the inputted set of
application requirements.

* In the third phase, criteria that are used to seélecmost attractive option, such as

cost and size, are applied to further reduce tleetien set.

Worth noting is that the first two phases in théesigon process may eliminate all
actuators that have a "low enough" cost or "snmadlugh" size for cases where these
two factors are high priority criteria. Fortungtahese factors are unlikely to be

subject to hard constraints in the early layoutgtephase.
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Figure 4-1 Progression of phase by phase eliminatiarive alternatives

4.3 Selection aid design

Figure 4-2 shows the major components and fundtioaktionships within the
selection aid. The user supplies information abmsther application by inputting
application requirements on the user interface. ifpait rules as illustrated below
control option manipulation in search modes 1 andigcussed in the next section).
These input rules provide information on which #@mgilon requirements/actuation
scenarios have been applied to the inference engiitd this information the output
rules via the inference engine determine what &mtsan the actuator database can
satisfy the requirements and thus through a progckeBmination, the infeasible drive
solutions are removed from the design space with rdmaining drive solutions

displayed to the user on the interface.

OUTPUT RULES
4|—> ”\.IPL.JT RUI.‘ES > (Controlled by inference
(Application requirements) —
gine)
USER '
INTERFACE
| DRIVE SOLUTIONS DATABASE
(List of viable actuato)s (Knowledge base)

Figure 4-2 Software selection aid functional relaships
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4.3.1 Selection aid search modes

The versatility and ease of use of any selectidni@important. The software design
employs two search modes from which selection aanntiiated in achieving some
degree of versatility and robustness. These sanotles are described in the following
paragraphs.

4.3.1.1 Search mode 1
This mode, being the default search mode, provajggns on possible application
requirements, which could be characteristic of amgnded or working system. A
combination of these options helps generate pa&ssbtuation scenarios (i.e. helps
define the requirements of the users’ applicatgsitam) from which the procedure
concurrently extracts information necessary to riet@ng viable drive solutions. This
mode gives the user the freedom to experimenti@With the possible requirements of
the application. Its results are entirely dependsmtthe user’s inputted application

requirements. Search mode 1 is displayed in FigtBe

il Fle Search Tools  Help [-]& x
[save | i Actustor EButtuns - | @
[ Expert User
Search Mode 1 Search Mode 2 Diive solutiors Actuators Diivers/Encodsrs |

New Project Sustoffl Actustion Fequirements Applicable Actuators:
Spsed _\f\_ﬁlia_l_\qn al_mj_ Slg[ting ;unqnt S_Iarl |_j|:|ty ar_]d Dqty cycle Single phase Induction Squirel cage Split phase Mator
Pasition and Torgue control Speed cantrol and Application configuration Single phass Induction Squinel cage Capacior start/ng
2000 LI CELIE A . il Single phase Induction Squirrel cage Pemanent split ca
Ower shoot allowances and Direction Enviramental considerations Single phase Induction Squinel cage Capacitor start - ©
Power supply, Speed and Torgue | Load Characteristics and Control type Single phase Induction Squirrel cage Shaded pole Mote
Open Project - . . ingle phase Induction wound ratar repulsion Matar
’ \nale phase Induction wound ratar repulsion induction
Power Supply

Skale phase Sunchranaus Matar
) Unknown Power supply

O Three phase [AC)

Open Camparison
List (&) Single phase [AC)

) Ditect current [DC)

Specifies the power source if AC, available ta the Application

Application speed value Application boique valus
Specify speed value: Specify tarque value:
[e.g. 200, Max, digits: 0000] (2.9 1.3, Max. digits: 0000.00]
0 frpmi 0o | tum)

8 Actuator(s) available < Back %] [
Reset Al Salution details
Ready | Last Updated e e s

Figure 4-3 Search mode 1 (User defined requirememitsh page organization)
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Figure 4-3 also shows the earlier mentioned fikst phases of the selection and phase
by phase elimination process. The smaller indicatglon shows the greyed out
(inactive) first phase and the bigger region intisathe active second phase with

application requirements organized in tab pages.

4.3.1.2

This mode consists of a list of predefined actumtoenarios presented to the user and

Search mode 2

focuses specifically on electric motors. It listgagable scenarios characteristic of
common engineering systems driven by electric nsotdhis feature makes search
mode 2 dependent on predefined application typed aat the applications’

requirements as in mode 1. Search mode 2 contaifswvadifferent application

requirements such as speed variation and starongué. It also lacks load type
definitions and control accuracies available in ;ndd Most results obtainable in this
mode are reproducible in mode 1. Figure 4-4 shoa@enshot of search mode 2 with

radio buttons corresponding to the predefined &ictuacenarios.

gl File Search Tools  Help

E Save

Lo Actustar comparison - _‘C (=] £ Resources | g Info Buttons - | iy

[ Expert User

Search Mode 1 Search Mode 2 Diive salutions Acluators Diivers/Encoders
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T e e Series wound DC Motor + Tachometer/Encoder + Nonr
o Series wound DC Mator + Tachometer/Encader + Rege
O Constant - speed service where starting DC Servo Mator
i faglelis not excessve. Constant — speed service For any starting DC Servo Mator + VFC
Open Project ) duty, where speed contral is required and DC Servo Mator +WFC + Encoder

DC Servo Mator + CFC + Encoder/Resalver
Permanent Magret Synchronous Motar [PMSH)
Permanent Magnet Synchronaous Matar (PMSH) + WFC
Permanent Magnet Sprchronous Mator [PMSH) + CFC
Single phase Induclion Squinel cage Parmanent spii c2
Wariable Reluctance Stepper Matar + Wave drive
Wariable Reluctance Stepper Matar + Two phase drive
Permanent Magret Stepper Motor + Wave drive
Permanent Magnet Stepper Motar + Two phase diive
Permanent Magnet Stepper Motar + Half step diive
Hybrid Stepper Matar + wWave dive

Constant — speed where Fairly high starting
) torque is required infrequently with starting
current about 550% of full load

polyphase current can not be used

¢y High starting korque is required and speed
=" can be requlated

iZonstant — speed and high starting torque,
) if starting is not koo frequent, and for high . . .
beak kiads with o ok sl (o Canstant or adjustable speed s required

and starting conditions are not severe

Open Compatison
List

o Constant — speed service where starting

duty is light

High starting torque with low starting
) current, where limited speed contral
is required

Constant — speed service, direct connection
& to slow speed machines and where power
fFactor correction is required

o High starting torgue and fairly constant
speed

~y Constant — speed service where starting
C
is easy, where polyphase is not awailable

Constant or adjustable speed service with
O positioning accuracy requirements (point to
point and incremental motion controf)

Constant or adjustable speed service with
O rapid start - stop response requirements
- {shart, rapid repetitive moves) as well as
positioning accuracy is required

-y Fidirectional and adjustable speed service
" operation with Fairly high starting torques

iZonstant/adjustable speed service in
oy Harsh/Temperature sensitive operating
- conditions requiring light weight and or
positioning accuracy

| 19 Actuator({s) available

Predefined ackuation scenarios

Hybiid Stepper Motor + Two phase diive
Hybrid Stepper Matar + Half step drive

] >
__Solulion details
| Last Updated: s fendee saiaeiee s

Figure 4-4 Search mode 2 (Predefined actuationasue)
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In this mode the user selects a predefined scemadst closely matched to his
application. Although search mode 2 restricts tlseruto defined scenarios and
applications, it has the advantage of quick resoltsviable options for closely
matching scenarios. The disadvantage of this m®desit there are too many resulting
solutions for any one predefined scenario as shiowFigure 4-4. This is due to the
inability to further refine the search from fixededefined scenarios, however this

mode can be used as a starting point with furtsmement performed in mode 1.

4.3.2 User interface structure

Proper structuring of any program helps in convgyiequired information to its user.
Using this selection aid is heavily dependent om tiser knowing exactly what is
required for the intended system as well as thegaelated to the selection aid. To
achieve this, it is very important that the conseqantained within the aid be explicitly
described and defined. These definitions and exmEscriptions have a tendency to
make the user interface rather busy (too much ftexteading). The Visual C++ tab

controls, pages and buttons were thus employedrttval text display per screen.

Space restrictions influenced the display of the page contents, however criteria
related to each other were as much as possibléagesp together. Criteria such as
power supply, speed and torque were displayeddsstriteria which would normally

be addressed early in the design phase (see Hg8yeContents of the search mode

tab pages (selection criteria and requirement g)pre tabulated in Appendix A.

Figure 4-5 shows the final phase of the selectimcgss, indicating cost and size as the
remaining selection criteria by which selection miag performed. This window
consists of a solution comparison table and disptag details of the viable solutions
under the headings of design, rated torque (Nn@drapeed (rpm), size (mm) and cost
index (non-dimensional). The table enables the @setompare the viable options
based on their cost index and size, and providesifaaturer information and access to
the associated websites (Figure 4-6). The compariable window is accessed by

clicking the “solution details” button shown in kg 4-3 and 4-4.
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Fie  Help
Open Lists % Print | {1} ol 1]
Drive Solutions | Drive Yfhnufacturers \
7/ N\
Drive solutions Rated Tarque (Nm) Rated Speed (rpm Size (mm) Cost Index \

Single phase Induction Squirrel cage Capacitor start/Tnduction run Mator 900 - 3600 dia, 85 - 439 3040

Single phase Induction Squirrel cage Permanent split capacitor (PSC) Motar 0.22-35 100 - 1650 dia, 81 - 92 1530 - 1940

Single phase Induction Squirrel cage Capacitor start - Capacitar run Motor 0.22-35 900 - 3600 dia. 51 - 92 1530 - 1940

single phase Induction Squirrel cage Shaded pole Matar 0.22-3.5 1000 - 165! dia. 51 - 92 1530 - 1940

Single phase Induction wound rotor repulsion Motor 600 - 1500 dia. 81 - 92 200

Single phase Induction wound rotor repulsion induction Mator 600 - 1500 dia, &1 -92 4640

Single phase Synchronous Mator 200 - 3200 \ dia. 85 - 446 1100

/
%] I 2
iVFC - Yoltage flux control
|CFC - Current controlled flux vector control
[Twa phase drive: - Twa coll excitation l 8 Actuator(s) available
Wave drive - Single coil excitation
lHaIf stepr drive - Interleaved single and two cail excitation
L - Length and Width
Ready ot

Figure 4-5 Comparison table

File Help

Cpenlists | % Print | {E)Refresh | 58 @

\ Drive Solutions Drive Manufacturers L
Manufacturers Available || = Manufacturers

GE =+ Electromechanical

= AC Motors
LEETON ] Siemens
BALDGR. K - SEW Eurodrive
EUROTHERM O ERDE Matots

Leeson

SEWY EURODRIVE - Baldaor

- Ewratherm
Sone e o =) Stepper Motors
PARKER O Parker

Electromagnetic
Hydraulic and Preumatic
Electric

Smart Materials

5 Micro and Manoackuators
[ Ackuators

Select checked Manufackurer row ko wisit associated website, .,

Refrashls | st wetste |

| Close

Ready

Figure 4-6 Comparison table (Manufacturer links)
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Figure 4-7 shows the actuator resources windowh@s@ AC motor characteristics
currently displayed). This window is accessed lgkalg the resources button located
on the tool strip in Figure 4-3. Actuator charaist&rs and glossaries of associated

terms can be viewed in this window by using thetiais in the indicated region.

gX
Help
Brawse Glossary of terms
| Select Database E]‘ 2
Electric mators | AC motors |
Lose speed rapidly and sometimes =stall at loads above twice their rated torgue
: B 3Phase [ Three phase
i i o ance a s
Synchronous induction
: Induction squinel cage
. Induction waund rotor
i E-1-Phase
- Synchronaus
"~ Induction squinel cage split phase
H Induction squinel cage Capacitor start/Ing They run at essentially constant speed from zero to full-load
*~ Induction squinel cage Capacitor start-Ca) Their speeds are frequency dependent, and so are not easily adapted to speed
H Induction squinel cage Shaded pole control, however variable frequency electronic drives can be used to overcome this
* Induction wound ratar repulsion flaw.
& |nduction waund rotar repulsion induction Cheap and easy to maintain, high reliability (no brush wear), even at very high
= DC Motars achievable speeds Simple, sturdy, Medium construction complexity, multiple fields
- Sefies wound on stator, cage on rotor
Shunt wound = Used where polyphase (three phase) power supply is available
- Compound wound In general purpose use, they require no start windings, switches or starting or
Universal AC/DC running capacitors
- Permanent M agnet [FMDC] Starting current required is low to medium - 5 to 7 times full load current (good
Brushless [BLDC] starting characteristics)
= Servo Motors Can easily be reversed electrically (reversing torgue characteristics are
- AT Serva exceptionally good)
- DC Serva Medium efficiency at low speed, high efficiency at high speed
~ Brushless Serva Driven by multi-phase Inverter controllers
- Permanent Magnet Synchionous [PHSM) Sensorless speed control possible
(= Stepper Matars Higher starting torque than for single phase
Yariable reluctance Used in applications requiring control of direction of rotation and remote
~ Permanent M agnet positioning
Hybrid (™ Possibility of varying speed-torque characteristics so that performance can be
73| ")II ‘| | matched to particular application b
Lo - L 1 1| Momr widelw uaed induacrial and commercial annlications -}
Ready...

Figure 4-7 Actuator resources window

4.4 Predefined actuation scenarios

Actuation scenarios as defined by literature (Amdet al, 2005) were found to be
easily related and translatable to motor propertidss was the initiative behind
creating search mode 2. In most cases, a redefinii these scenarios as a group of
corresponding motor properties (or application negnents) aided the correlation
process. For example, an actuation scenario defined“Constant speed service where
starting torque is not excessive”, was redefinedmator properties terms as —
“Constant speed with low to medium starting torquéwas also observed that the

actuation scenarios as defined by Andrew et al 32@¢ere inadequate in providing
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descriptions applicable to the entire LCA set urstady. This necessitated description
of more scenarios to cater for the wider varietapplications and motors indicative of
the LCA motor set which were implemented in searedte 2 discussed above. The

adopted predefined actuation scenario list is lstilever not exhaustive in this respect.

Certain criteria were included to cater for thecsfp@needs of electric motor selection.
As such, to a large extent the predefined actuattmnarios refer to electric motors,
however, some predefined actuation scenarios andgdad which are not specific to
electric motors (i.e. those not containing electmotor specific selection criteria
discussed earlier). The predefined actuation saenanay therefore be used in the

selection of other actuator technologies.

4.5 The actuator selection aid as a rule-based system

Rules as prescribed by knowledge-based systems tloenbasis for the process of

determining most suitable drive alternatives awdédo the design engineer for system
actuation requirements supplied to the selectiah Bigure 4-2 illustrates the basic

concept behind the selection aid as a knowledgeebg@sile based) system. The use of
a commercial expert shell to implement the selecéad was considered but was
however dropped due to the associated purchasel@arelopment cost. Expert shells

such as MP2, ART Enterprise and Exsys CORVID magdsy to use and have several
useful features (Salim et al, 2003) however, EXSgRVID for example cost as much

as $12000 (approximately R84000).

Another reason to develop in-house software instéadcing an expert shell, was that
it simplified the integration of the selection ando other design support software being
developed by the Computer Aided Design Researcluis(CADRG) at Stellenbosch

University.

4.5.1 Rules development and structuring

In structuring the selection aid rules, certain capis have been implemented.
Inference by forward reasoning (explained in Cha@jerequired for the selection aid
can be divided into the distinct steps of matcheugg rule execution. The process of

matching involves determining what rule must beliagpfor a requirement selected by
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the user. Rule execution is performed to obtaimltesach time a matching rule has
been determined by the matching process. Eliminatibactuators from the design

space (database) is the result of rule execution.

Each rule is defined independently of the otherse Belection of an application
requirement of most importance to the user triggersorresponding rule which is
executed immediately. Therefore, the selection lmigh priority requirement triggers a
corresponding high priority rule. Whether a reqguoiest is of high priority is totally
dependent on the application for which the actustteing chosen, and will vary from
user to user and from application to applicatiohe Belection aid therefore does not

apply priorities in its inference process, but kEsmthat to the user.

Several rules must be defined and implemented wmeroto accommodate the
possibilities related to different applications. &vé a single rule may be sufficient to
draw an appropriate conclusion on a particulariagpbn, a single rule may not suffice
for other applications. As such, combinations af twv more rules become necessary in

making appropriate inferences and conclusions atnost applications.

Search modes 1 and 2 inherently lend themselvabteouse of rules linking user
options to eventual actuator drive solutions (FégB@r1l). The development of these
rules is essential to defining paths between ysglication requirements and display of
appropriate actuator solutions as well as providesumentation of appropriate

selection paths to choices.

The first step in the development of rules involwbe correlation of motor drive
solutions to properties and these properties tdiGgipn requirements, as illustrated in
Figure 3-1. The next step involved creating adisall mutually exclusive application
requirements; these represent input rules which vl discussed shortly. Following
this is the determination of the relationships lestw inputted application requirements
and the resulting drive solutions. This was donehsthat for each application
requirement selected, drive solutions with properticorresponding to mutually
exclusive requirements are eliminated. This finapgepresents the formulation of the

output rules discussed and outlined shortly. Ohtehas been done, a combination of
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applicable inferences and rules dependent on dsusiuation can be linked and

applied to arrive at suitable solutions.

The implemented rules are defined in two grougs,input rules and output rules, as
mentioned above and are explained in-depth in dhlewing sections. Input rules

govern the effect of the application requirementseach other only. For example,
under the control type requirement the input ruldclw governs the selection of the
individual control type criteria prevents a coneutr selection of closed loop and open
loop control, i.e. the input rule ensures mutuallesivity amongst control type criteria.

The output rules which comprise the knowledge-baskx$, on the other hand, govern
the effect of the application requirements on thgedsolutions, e.g. if a user selects
high speed and accuracy, then a servomotor issébfealrive solution. This represents

an output rule governing the selection of high sipgeaccurate response requirements.

4.5.2 Inputrules

Mutual exclusivity of options under the same adtratategory is managed effectively
by the radio button, combo box and group box femtusf Microsoft C++ Visual
Studio. Radio buttons possess an in-built mutualluswity characteristic. Other
features include using check boxes and enablirefitirgy features of Microsoft C++
Visual Studio. Check-boxes were used to implemaput rules for requirements
belonging to the same criteria classification beit mutually exclusive to one another,
e.g. AC and DC power requirements under the gematagory of power supply. The
exact implementation of the input rules is givedppendix A.

4.5.3 Output rules

The output rules form a major part of this thesid aepresent the information critical
to deciding when to use different motors or motairiver combinations. Each output
rule defines which motor/motor — driver combinataare eliminated from the design
space for a specific input selection. The followiaga description of each output rule
implemented in the software and its applicatiooloice of motors and drivers as drive

solutions.
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45.3.1 Search mode 1 output rules
Application requirements in Table 4-1 are simultausdy also actuator properties. The
associated output rules are therefore to elimimditexctuators that do not have the
required properties. The default would be for tlseruto make no choice, thus not
eliminating any actuator from the design spaceafukde). The remaining application
requirements not sharing a one to one correspoed@ncwith more involved
interactions have been displayed in Tables 4-2%0 Bhe properties marked “X” refer

to the properties of the eliminated actuators liergelected application requirements.

Table 4-1 Selection criteria and associated applicaequirements

Selection criteria Application requirements
Available power supply Unknown/AC 3-phase/AC 1-miBeC
Control type Unknown/Closed loop/Open loop
Torgue control Torque control — Yes/ Torque corrdlo
Rapid response Rapid response — Yes/ Rapid respddee
Drive configuration Direct drive application/Indatdrive application
Directional requirements Unidirectional/Bidirectain
Quiet running Quiet running — Yes/Quiet runninge- N
Temperature sensitive Temperature sensitive — éegpErature sensitive — No
Environmental considerations Normal/Vacuum/Corresiv harsh

In general, criteria such as “quiet running” aneniperature sensitive” are not
absolutes, however with a focus on electric motoegtain designs may be described as

such.

Each actuator in the database possesses minimunmaronum speed and torque
ranges. Inputting a value for speed or torque,otlput rules in Table 4-2 determine
what actuators are unable to support the inputtddey and eliminate them based on

the outcomes.
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Table 4-2 Speed and torque values

IF inputted valuet O

Speed Min. Speed > value
Max. Speed < value
IF inputted valuet O

Torque Min. Torque > value

Max. Torque < value

Eliminate all drive solutions
which satisfy these conditiong

Table 4-3 describes the output rules implementedgeed variation.

Table 4-3 Speed variation

Application
requirement

Properties of eliminated actuators

Variable speed

Constant speed

Adjustable speed

Adjustable speed X X
Variable speed X
Constant X X X

Table 4-4 describes the output rule for startingent requirement.

Table 4-4 Starting current requirement

Application requirement

Properties of eliminated actuators

Low starting current

High starting current

Approximately less than or equal to operating pr
rated full load current

X

Greater than operating or rated full load current
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Table 4-5 describes the output rule for startinty dequirement.

Table 4-5 Start duty requirement

Light start duty Mild start duty Severe start duty

Less than nominal loads with
infrequent starting

Nominal loads with infrequent
starting

Greater than nominal loads with
frequent starting

Table 4-6 describes the output rules for applicatmad characteristics. It should be
noted that the rules here are influenced by uselrfers. A motor incapable of

sustaining a particular load type on its own mayblke to do so when controlled with a
driver. This motor — driver relationship was comsetl in the formulation of the rules
described in Table 4-6.

Tables 4-7, 4-8 and 4-9 focus on control relatéelsruand are the subjects of validation
experiments presented in Chapter 5. Table 4-10igesva list of the implemented

predefined actuation scenarios and the associatethtar properties eliminated by

their selection.
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Table 4-6 Application load characteristics

Properties of eliminated actuators

Application
requirement

Constant torque
and variable spee

Variable torque
i and variable spee

)

Constant power

Constant power
and constant
torque

High
start/breakaway
torque followed by
constant torque

No torque control

Low start torque

Constant torque an
variable speed

X

Variable torque and
variable speed

Constant power

Constant power an
constant torque

)

High-start or
breakaway torque
followed by

constant torque
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Table 4-7 Position control requirement

Properties of eliminated actuators

Application requirement

Position control > 360

Position accuracy < =360

Position accuracy < (£30

Position accuracy < £1

45))
Position control > 360
Position accuracy < +360 X
Position accuracy < (£5- to 45) X X
Position accuracy < £1 X X X

Table 4-8 Speed control requirement

Properties of eliminated actuators

Application requirement

Speed control - No

Speed deviation
0.20% - 1.8%

Speed deviation
0.17% - 1.5%

Speed deviation
0.03% - 1.0%

Speed control - No

Speed deviation 0.20% - 1.8% X
Speed deviation 0.17% - 1.5% X X
Speed deviation 0.03% - 1.0% X X X

Table 4-9 Overshoot restrictions

Properties of eliminated actuators

Application requirement

Overshoot restrictions > 360

Overshoot < +360

Overshoot < (+5t0 45)

Overshoot < 1

Overshoot restrictions > 360

Overshoot < +360 X
Overshoot < (+5- 45°) X X
Overshoot < +1 X X X
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45.3.2 Search mode 2 output rules

Table 4-10 Output rules for predefined actuaticenstios

Properties of eliminated actyators
) — = & g o
slg|2leE|E|s| |25 |22 ¢
o} I} g = £ = © o X @ a : S |o =
) o o o > a > 0 > | @ S S Q |=2<S| c
, . . Q| o pa > | ° S © 2 | 5 = a |EQ| o
Predefined actuation scenarios g @ = c o =y © S Z ool § = ® |TE| B
s | 8| E|E| €| |5 | &| S5 |32|°| 8| = |82 ¢
8 1 8 + S 8 2 O = | ® c S g &35 3
= = 7 n 17 n = o by ie) o] S |T g €
= = c e < B o = () <
> 2| 8|28 |2 & S1E | 8] &) 2 >
| T I T 1= O & o n
1 Constant- speed service where starting torque is no X X X
excessive
Constant- speed where fairly high starting torque is
2 | required infrequently with starting current aboG0% of | X X X X
full load
Constant- speed and high starting torque, if starting is hot
3 too frequent, and for high peak loads with or witho X X X X
flywheels
4 Constant- speed service where starting duty is light| X X X X
High starting torque with low starting current oneve
5 I . . X X
limited speed control is required
6 . : :
Constant- speed service, direct connection to slow speeq(
- L . X
machines and where power factor correction is requi

Continued on next page
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Table 4-10 continued
7 High starting torque and fairly constant speed XX

Constant or adjustable speed service in Harsh/Texnhpe
sensitive operating conditions requiring light weignd or
positioning accuracy (Aerospace applications)

Constant speed service for any starting duty aret qu
operation and where multiphase current cannot e us

10

Constant speed service for any starting duty, wepeed
control is required and multiphase current caneatsed

11

High starting torque is required and speed earefulated

12

Constant or adjustable speed is required andrggarti
conditions are not severe

13

Constant or adjustable speed service where pasiton
accuracy is required (point to point and incremlenta
motion control)

14

Constant or adjustable speed service where ragit-st
stop response requirements (short, rapid repetitioees)
as well as positioning accuracy is required

15

Bidirectional operation and adjustable speed semigere
starting torque if fairly high

16

Constant speed service where starting is easyewhe
multiphase is not available
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4.6 Rule implementation

Implementation of the rules requires the inferegegine to run through both input and
output rules and determine what rules are appkcasd a consequence of inputs
changing (selection of requirements) on the interfaEach click of a checkbox or
radio-button and click of the mouse may result ehange on the interface and possible
actuator solutions. It is worth noting that thessace in which the rules are applied or
their positions within the inference engine doeg affect viable drive solutions.
However, the sequence with which criteria are a&gpby the user is important as it
determines the compatibility of succeeding critaarad consequently determines the
resulting viable drive solutions. For example, sihg “vacuum” as an environmental
operating condition may remove alternatives capaiflgroviding other important
actuation requirements. Criteria of most importateehe user are therefore to be

selected first for more accurate results.

4.7 Database development and structuring

Information entered into the database (Figure 4s2@determined by the actuator
properties and attributes. These actuator progeiwdi® translated into application
requirements on the user interface and used asgiarfior actuator selection. For the
selection of electric motors, properties peculiaspecific designs were sourced mainly
from textbooks and academic literature. Specifiues and data concerning motor
designs such as rated speed, torque, dimensiorca@stdwere sourced from motor
catalogues and integrated with the textbook infeiwnato form the database. Several
problems arose in trying to achieve this integratibhese problems influenced the

eventual structure and content of the databasseladtion process.

Firstly, making the database specific with regdaadsianufacturer models was difficult
as no one company provides all the motors congsidéoe be LCA alternatives.

Indicating models also would make the database oageable with excessive drive
alternatives of similar performance and propertreslundancy). In order to overcome
this problem, adherence to motor designs was niéatess with the database totally

independent of manufacturer models. Making theleta “design dependent” has the
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advantage of helping to incorporate other actuegonnologies such as hydraulic and

pneumatic designs in the future.

Secondly, most manufacturers tend to use namesaitiekk of motor enclosures or
some other motor characteristic specific to the ufecturer. Motor manufacturers may
refer to their motors as asynchronous or synchremouotally enclosed DC, geared or
watertight, etc, not necessarily identifying thegntbeir specific motor designs. This
naming inconsistency posed a problem in identifyamgl integrating corresponding
design properties from textbooks with cataloguernmiation. This also constituted a

reason for adopting a design dependent database.

An important consideration for development of tlagadbase is maintenance. Unlike the
MotorMaster+ and CanMOST discussed in Chapter@d#sign specific nature of the
database ensures a limited content. This datakasaré makes for easier updating and
maintenance. In a situation where the cost indexef@ample, which is subject to
fluctuation, requires updating, the smaller nuniifeentries in the database makes it a
lot easier to update even all the cost index entri¢f a user wants to add a new
database entry without revising all the existingries' cost indices, then a sample of
existing entries could be used as a reference terrdme the "scale factor" between

actual cost and the cost index.

4.8 LCA motor types database

It was discovered that a lot of the motors whichldde classified as LCA motors with
respect to this research were not necessarily L@#ora with respect to South Africa.
While certain motors such as the single phase Remaplit Capacitor (PSC) motor
can be found readily elsewhere in the world, they ot readily available in South
Africa. Special requests have to be made in ordebtain them, which would mean
added cost. Some of the more general motors’ mestlily available and in use
everywhere according to Traister (1994), are sguaage motors, synchronous motors,

wound rotor induction motors, as well as a few DG@sh and brushless motors.

The eventual decision on what motors fully describe choice available to the

engineer is dependent on a number of factors. @a@rf of most importance to this
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thesis is the off the shelf availability of the motas defined by the term LCA and
discussed in earlier chapters.

The following is a list of motors which is best repentative in type and design of the
LCA motor set in South Africa: AC induction motdissynchronous), AC synchronous
motors, stepper motors, servomotors, brushless s and brush DC motors.
From the economics or cost point of view the s@liimage motor (Asynchronous
ACIM) is the least expensive requiring very littontrol equipment or power
electronics, the wound rotor is more expensive ireggiadditional secondary control,
while synchronous motors are the most expensiveiniag DC excitation, as well as

special synchronizing control.

It is important to note that as size decreasespvder requirements diminish (i.e.
battery power applications), DC motors become tiw@oe alternatives for applications
as they become more economical than their AC copates (Crowder, 2006). The size
limitation on applications plays a major role irethelection of applicable motors. For
very large applications, AC motors become the ecocal choice as large DC motors
with the required properties tend to be very expensDC drivers are however

generally cheap and not as complex as those regioréAC motors.
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CHAPTER 5 AC DRIVE CONTROL EVALUATION

5.1 Introduction

AC drives are the most commonly used drives inrmatmn today, mainly because of
their easy accessibility and robustness. As suaky thre unrivalled by their
counterparts, i.e. DC and stepper drives. This tenapresents an experimental
evaluation carried out to determine performanca ftatservo and AC induction motor
(ACIM) drives.

Most often the degree of control required for apligation determines the inverter
sophistication. This directly influences cost whislan underlying factor in automation

and more specifically low cost automation.

As discussed earlier, because motors have simparational capabilities (inherent
properties), the decision when to use one or theras not readily apparent, more so
when selecting motors in combination with invertéss optimum performance. The
more sophisticated an inverter is, the more expensi and its accompanying
accessories will be. It is important to know exaastihat degree of control, if any, is
required for an application as well as what degvéeontrol can be provided by
different inverters available off the shelf. Unfanately quantitative data on such issues
is difficult to come by and engineers involved ttuator selection become reliant on
their own experience, the experience of othersimfiadmation supplied by motor drive

manufacturers.

The experiments presented in this chapter weregdediand carried out to specify
guantitatively, some operational performance datasérvo and AC induction motor
drives and, in so doing, validate controllabiligguirement rules implemented in the
selection aid. This evaluation focuses on AC motord inverters which function on
voltage flux vector control (VFC) and current catlied flux vector control (CFC)

technology.
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5.2 Experimental set up

For evaluation to be performed, a test bed wagydedito furnish the experiments with
automation type conditions as will be discussedtha following sections. This

application was designed capable of being set upvainconfigurations i.e. as a servo
drive with a ball screw, or as an AC drive withoathed belt and pulleys as shown in

Figure 5-1 and 5-2. These basic configurationcansistent with automation today.

The test bed was designed around parts from olggiso This explains the different
linear bearing shaft lengths on either side oftdst bed as shown in the figurés
designing the test bed, simplified representatmintypical application scenarios were
used to provide working conditions similar to whain be expected in practice. The
carriage and linear bearings provide the necessaeg for motion of loads, where
varying certain parameters such as the accelesat8peeds, etc. provides the desired
conditions for evaluation. Loading the applicatemsured that the resulting accuracies
are true representations of the drive control céiigb. The travel range (see Figure 5-
2) of the test bed provides linear translation al as a means for checking positional

and speed accuracies of the drives.

Linear bearing Linear bearing shaft
I ﬁ % P 1 . ;i A Tl / I
N ' =
To inverter
Encoder
Carriage
Belt

| —— g

== -
i T =z e Pulley
(]
AC induction | A/_['I‘_" ‘

motor E

= » I
1 =

Y o o]
_ ) L/ To PC measurement
Linear displacement electronics

transducer (LDT)

e

External feedback system
connected to inverter (drive
configuration 1 only)

Position sensor

Figure 5-1 AC induction motor - belt and pulley igoration
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0 mm Travel range 720 mm
au g I
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T 1 | T1 [ T | | 1| | — T 1 —— |

To PC measurement

LDT cable attached electronics

Limit switch Ball screw to carriage
/. /.
T o — e Servomotor
= a 4 —
[

fu]
/ X0 o] o] X IOER A =n o]

To inverter

Frame

Figure 5-2 Servo and ball screw configuration

5.2.1 Terminology

Some of the terms regularly used in this chaptdude: drive, accuracy, resolution and
absolute error. A drive here is taken to be comgost an electric motor and

accompanying accessories such as inverters anddensgconecessary to create the
required motion in an application. Accuracy of aaswement refers to an ability to
indicate a true value exactly (Richard and Don&@dQ0, pl5). As explained by

Cetinkunt (2007, p217), resolution refers to theakest change in the measured
variable that can be detected by a sensor. Absetube €), is defined as the difference

between the actual value and the measured value.

€ = | Actual value — Measured value | (5.1)

From this, accuracy (A) is found by

A=1-__ & (5.2)
Actual value
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5.2.2 Control and data acquisition

5.2.2.1 Control software
The following are brief descriptions of the softwaused for motor control and
displacement measurement. A full description ofséhesoftware applications is

available in Appendix C.

MOVITOOLS - MOTIONSTUDIO:
This SEW software was used in conjunction with Typklovitrac inverter for
open loop control of the AC induction motor withart encoder. It provides a
means to parameterize and start up the motor, disasean oscilloscope
function (SCOPE) to diagnose faults and to monihave properties. For the

experiments it also served in data acquisitiorsfoged control.

MOVITOOLS - MT MANAGER:
This SEW software was used in conjunction with Tg@dovidrive inverter for
closed loop control of the AC induction motor andceder. Functions of
interest within this software are: SHELL for parderezation and start up of the
motor, and SCOPE for drive diagnosis and monitoriflgis software also

served in obtaining speed control data.

INDRAMAT - DRIVETORP:
This Bosch Rexroth software was used in conjunctiath Type 3 Ecodrive
inverter for closed loop control of the servomottr.provides a means to
parameterize and start up the motor, as well agsailoscope function to

monitor (speed control data acquisition) and diagrbe drive.

HBM Catman Easy:
The HBM Spider8 PC measurement electronics with sbitware were used in
conjunction with the linear displacement transdu@edT) for independent
displacement data acquisition. It was used in caté the LDT for
measurement using data acquisition (DAQ) projedt® conversion resolution
of the Spider8 PC measurement electronics is 485 gnd the range of the
LDT is 2000 mm/10 V. The resolution of measuremaaitainable with this

configuration is given by:
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Resolution in mm =2(£)&Em = 0.4883 mm (approx. 0.5 mm)

52.2.2 Motor sensors

This section gives a brief description of the maensors used.

The resolution of the encoder on the ACIM motorl@24 (2% and for a pulley of
diameter 76.42 mm, its resolution for a revolutddnthe ACIM shaft is given by:

Resolution in mm M =0.2345 mm

102¢
The resolution for the servo encoder is 32768 @nd is determined programmatically
within the Drivetop software. For a ball screw dfch 5mm, its resolution in mm is
given by:

Resolution in mm _Smm = 0.000153 mm
3276¢

5.2.2.3 AC inverters
In this chapter, AC inverters (AC drivers) have mexassified into three groups of

increasing complexity:

Type 1 inverter:
Open loop voltage flux vector control (VFC): Thaseerters are incapable of
programmatically controlled positioning. They dot rienction with encoders
but are capable of speed control using optimizeltage/frequency (V/Hz)
operation. Position control for this inverter wasoypded using a proximity
sensor and limit switch as illustrated in Figur8.5Fhe SEW Movitrac inverter

forms the basis for this classification.

Type 2 inverter:
Closed loop voltage flux vector control (VFC): Thiassification is based on
the SEW Movidrive inverter. These inverters areatd of programmatically
controlled positioning via encoder feedback. Spamutrol is also improved by

encoder feedback information.
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Type 3 inverter:
Closed loop current flux vector control (CFC): Thesverters are also capable
of programmatically controlled positioning and speeontrol via encoder
feedback information. These are more complex ieverthan the two already
mentioned and are also capable of torque contraViged by sophisticated
digital control algorithms. The Bosch Rexroth Ededrinverter represents this

classification.

5.2.3 AC Drive schematics

Figure 5-3 shows the schematics of the drive conditions implemented in the
experiments. The chain lines in configuration lobelindicate the feedback used in

providing position control.
CONFIGURATION 1

_______ ] LIMIT SWITCH — ——.
I (Stop command) ';
| :
SEWMOVITRACB |, |
VFC INVERTER Asynchronous AC ! . (I:lggtr:ce)rftl/?g ;Obelt
—9 A .
(TYPE 1) d Induction Motor —!——> pp
and pulley system

0

|
; PROXIMITY SENSOR

| f————

(Rapid to creep speed command

CONFIGURATION 2
SEW MOVIDRIVE

VFC INVERTER Asynchronous AC
—_ > .
(TYPE 2) Induction Motor

Connection to
» application via a belt
and pulley system

EXTERNAL INCREMENTAL
ENCODER

CONFIGURATION 3

BOSCH REXROTH ECODRIVE

VFC/CFC INVERTER Permanent Magnet Connection to
_— > Synchronous > application via ball
(TYPE 3)
Servomotor screw
INTERNAL SERVO
ENCODER

Figure 5-3 Schematic diagrams of test configuration
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The illustrated drive configurations have been @mnésd in increasing cost and
complexity. A confidentiality agreement prevents #ictual cost from being reported,
however, in terms of relative cost, if configuratib costs R100, then configurations 2

and 3 cost R209 and R322 respectively.

5.3 Common experimental procedures

Quantitative data that can be used as a basitdosdlection of drive configurations is
the focus of these experiments. In order to evalaatvo and AC drives’ performance,
it was necessary to study them under conditionghwieflect the necessity to use servo
drives as well as AC drives. These conditions apgided by the designed test bed and

include:

1. Operations requiring fast starts and stops.

2. Operations requiring acceleration and deceleraifdoads.

3. Acceleration and deceleration with and without Batcording to different
speed profiles.

4. Operations requiring accurate positioning.

The performance of the drives under the mentiormdlitions was investigated and
deductions were made based on the quantitativdtsefositioning accuracy of the
drives was expressed as absolute error in milliesetwhile accuracy of speed

operation was expressed as a function of perces{aegd deviation.

Certain conditions were necessary in order to magpropriate and meaningful

measurements with due consideration to the testTiezse are explained below:

 Maximum linear speed adopted on the test bed wsisiated to about 35,000
mm/min for both ACIM and servo configurations. Thi®rresponds to the
maximum speeds achievable by the servo at 700Carmqhi48 rpm for the ACIM.
All the experiments were conducted at about thisdr speed.

» The distance travelled was limited to about 720 byntest bed dimension which is
approximately 800 mm (see Figure 5-2).

* Ramp times for all experiments were limited to fe@conds and below, above

which accelerations would be too small for the te=d length. Similarly, limiting
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the ramps to four seconds ensured that fast enspegds could be attained during
travel.

A maximum of 40kg was the imposed loading conditibhis was constrained by
test bed dimensions and the applied acceleratigpscelly for the belt and
pulleys configuration. This load is however corenstwith the rated torques of the

motors used and ensured reliable test conditions.

Finally, experiments conducted required knowledfehe exact motor ratings and
capability. However, in order to generalize recomdaions and make inferences on
controllability issues for the drive configuratigriee analysis process was isolated to

performance irrespective of particular motor rasiagd specifications.

5.4 Position control experiments

5.4.1 Objectives

The objective of these experiments was the detextinim of positioning accuracies
achievable with ACIM and VFC inverters, and servtonand CFC inverters under
varying conditions. This experiment primarily prdgs basic quantitative position
control data relevant to electric drive selectidrhe position control experiment

objectives can further be broken down into:

» Determination of actual output position (final reskition).

» Determination of positioning absolute erreg) (in millimetres.

¢, =| Finalrestposition- Setpoint argetposition| (5.3)
» Determination of overshoot in millimetres, given by

Overshoot= Max.displacemat - Setpoint arget (5.4)

Overshoot only occurs when the maximum displacenemjreater than the set
target position.

These experiments involve setting a predefined tipositarget for the drive
configurations. These positional targets are ruth Wie intent of checking consistency

of the setpoint values and the output/actual valWégh Types 2 and 3 inverters
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mentioned above, actual position information valaes available on the associated
inverter software interfaces as feedback infornmativom the encoders. The

displacement data for the configurations was howetained using independent PC
measurement electronics and a LDT attached toréwvelling carriage as illustrated in

Figure 5-1 and 5-2.

5.4.2 Configuration 1 position control experiment procedures

It was observed that if position control is reqdirexternal sensing equipment must be
incorporated into the drive system to provide teeassary feedback. To this end, a
positioning trolley application (SEW Eurodrive, Bk) with rapid and creep speeds
was set up using a proximity sensor and limit swite supply the necessary position
feedback information. The sensor and limit switclvese used to trigger a change from
rapid speed to creep speed and to trigger the ealestop. Rapid and creep speed
values were varied to determine positioning acguapabilities of the drive for such
applications. The following procedures were implated:

1. Ensure that all connections necessary for the ipasig trolley application
have been made (SEW Eurodrive, 2006b, p.60). Alskemthe necessary
connections for the LDT to the Catman Easy PC nreasent software.

2. Configure the attached AC motor for start up ugimg Motionstudio software.
Input the necessary rapid and creep speeds, the wprdown and stop times,
(default settings are maintained for all otherisgf). Also calibrate the LDT
for use on the Catman Easy defining its measurimgge under “sensor
adaptation” in a new DAQ project.

3. Move the carriage to the zero point of travel raafping the linear shafts. The
proximity sensor and switch must be active andespond to positions along
the travel range at which the carriage speed is@a®rgd to change from rapid to
creep and stop respectively. For this experimentridivel length was calibrated
to 720 mm, the distance between the speed chaggertand stop was fixed as
200 mm, this distance allows enough time for ttamsifrom rapid to creep
speed and stop.

4. Reset the LDT reading with the zero balance funcom the Catman Easy

software in the DAQ project.
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5. Start the DAQ project, the graphical view must gade the reading from the
LDT as a straight line on zero.

6. On the Motionstudio software interface, open theuad operation module and
deactivate manual operation to trigger rapid spgestation for the positioning
trolley application.

7. After the carriage has come to a stop at the lgwitch, stop the DAQ project
and store the results. The Catman Easy softwarede® data storage in Excel
and other formats. These results provide real tiisplacement measurement
from zero to its actual stop position.

Exact procedures for use of the inverters and thafiware are available in SEW
Eurodrive manuals (SEW Eurodrive, 2006b).

5.4.3 Configuration 1 position control observations

The accuracy of the carriage stop position was rebgeto be dependent on a
combination of several factors. These factors meluthe response of the feedback
sensing equipment, creep speed, the ramp downtapdimie programmatically set on
the control software. The distance between the cspbange trigger and stop limit
switch also affects the stop position, howevemhis tdistance is sufficient to allow a
complete transition from rapid to creep speed,eftect is minimized. The ramp
up/down and stop times were set to zero as thediasgsponse that can be provided by
the SEW Movitrac inverter, while the limit switclesponse was assumed to be
instantaneous. These settings and assumptions &s aspossible isolated positioning
capability dependence to the creep speed valuele T&fi provides absolute error
readings for varying rapid and creep speed valoetofded and unloaded conditions.

Overshoot for this application was not considered.

Table 5-1 Configuration 1 absolute error readings

, Unloaded | Loaded (40 kg)
Rapid speed (rpm) Creep speed
10 rpm 20rpm 30rpm
100 0.5 mm 1.5 mm 2 mm 2.5 mm
146 0.5 mm 1.5 mm 2mm 4 mm
160 2 mm 2 mm 5mm
200 1 mm
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5.4.4 Configurations 2 and 3 position control experiment
procedures
The procedures for these two configurations arergsdly the same except for their

control software. These software differences aeeifipd in the procedures.

1. Ensure all connections between the ACIM and Movelor servo and Ecodrive
inverters have been made (see SEW Movidrive, 2@06, Bosch Rexroth,
undated).

2. Configure the attached AC motor for start up usthg shell module in
Movitools or for the servo in the Drivetop softwaféhe software applications
take you through a series of steps necessaryttogap the motors. Specify the
operating mode, for the ACIM: VFC n-control & IPQSEW Eurodrive, 2005),
while for the servo: Position mode with encoder §&o Rexroth, undated).
These operating modes enable position target tiefisi

3. Set position target using the “Table positioninglagation” in the Movitools
shell module for the ACIM. This can also be achdver the servo with
“Position mode with encoder” set as the primary rapen modes in the
Drivetop software.

4. Set up the LDT for use with the Spider8 PC measargralectronics, using the
Catman Easy to define its measuring range unde&istseadaptation” in a new
DAQ project.

5. Load (40 kg) and move the carriage to zero poirtheftravel range along the
linear shafts. The distance of travel must fit witthe software limit switches.

6. Ensure that the encoders have been reset to zemtlfier the ACIM or the
servo. For the ACIM, the travel has to be referénedthin Movitools
(referencing of the travel resets the encoder iposito zero), while for the
servo, this is achieved by resetting the encodelevi@ zero within Drivetop.

7. Reset the LDT reading with the zero balance functbm the Catman Easy
software DAQ project.

8. Configure the scope function on Movitools or thecilb@scope function on
Drivetop.

9. Start the DAQ project. The graphical view must cade the reading from LDT

as a straight line on zero.

65



CHAPTERS AC Drive Control Evaluation

10. Start the scope or oscilloscope functions and #wescute start positioning or
position strobe command on Movitools or Drivetoppectively.

11. After the target position has been reached anddingeage is at rest, stop the
scope function and load the data to view the degpteent — time graph on
Movitools. For Drivetop, the oscilloscope functimautomatically terminated
at the end of record time and loaded automatiwailly its graph displayed.

12. Stop the DAQ project. Record the setpoint targsitfmm value (720 mm for all
the experiments). The DAQ gives you output datpasition from the LDT.

13. At the end of these procedures you have the setpiget position value, the
LDT values with time and speed or position datamfreither the scope or

oscilloscope functions of either software.

Exact procedures for use of the inverters and thafiware are available in SEW
Eurodrive manuals (SEW Eurodrive, 2006a, and Bé&sekroth, undated).

5.4.5 Configuration 2 position control observations

The following is a typical displacement — time draphich captures the motion of the
moving carriage. The little bump at point A on tip@ph indicates the overshoot in
positioning, while the region between B and C iatks its final rest position which

should correspond to the target position. The difiee between values in this region

and the target position gives the absolute errpogitioning.

800

720 mm target position A

700 |mimimmmimmmmm oo
600 / i -
500 /

400 /

300

200 /

100 /

Displacement (mm)

0 1 2 3 4 5 6
Time (s)

Figure 5-4 Typical displacement time graph
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Table 5-2 is a summary of data obtained from thsitjpm control experiments for
configuration 2 loaded with 40 kg. It provides dibg® error and overshoot readings for

varied ramp times (ramp up equals ramp down time).

Table 5-2 VFC — ACIM position control summary data

Ramp time (s) Absolute errorg,) (mm) Overshoot(mm)
0.03 1 7.5
0.50 1 4
1.00 1 2:5
2.40 1
4.00 1

5.4.6 Configuration 3 position control observations

The displacement — time graph (Figure 5-4) aboveal$® representative of that
encountered with the servo drive. Table 5-3 givesuamary of the resulting

positioning data for a 40 kg loaded condition.

Table 5-3 CFC — Servo position control summary data

Ramp time (s)

Absolute error €,) (mm) Overshoot (mm)
0.02 < 0.5* 3.5
0.50 < 0.5* < 0.5*
1.00 < 0.5* <0.5*
2.40 < 0.5* 0
3.30 < 0.5* 0

* Note: Absolute error was less than LDT measuremesaiution (LDT resolutior 0.5 mm)
The zero values for the overshoot simply mehastrriage never reached the target position.

5.5 Speed control experiments
5.5.1 Objectives

The objective of these experiments was the detetimoim of the speed accuracies
achievable with ACIM and VFC inverters and servd &FC inverters under varying

conditions. It basically entails the determinatadfnthe conformity of actual speeds to
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setpoint speeds defined in the drive control saw&peed control data obtained was

expressed as percentage speed deviation.

Speed control experiments involve executing speetilgs defined by ramps in the
form of accelerations and decelerations, speedasitions. A speed profile is simply
a combination of at least two continuous positigniperations, each with the same or

different speeds and ramps.

These speed profiles were executed for the cordigurs to determine conformity of
output speeds with command speeds. Just as withpaséional tasks, feedback
encoder information is available on the Movitootsd eDrivetop software interfaces.
These speed profiles are monitored using the mesdiocontrol software scope
functions. The feedback on the speed profile idwap and saved and may be used
afterwards in analysis. For these experiments ¢lgeired speed profile is essentially
kept constant for the servo and ACIM configuratiomswever, loads were introduced
to check conformity to set speed commands underdhkelting load conditions. In

summary these experiments involve:

 Determination of average speed value for any owredfisetpoint speed value
within a speed profile

» Determination of speed absolute errgj (Javerage running speed value — setpoint
speed|) in rev/min or mm/min. This is the speedwdent of eq. (5.3)

» Determination of the percentage speed deviatiam ftte setpoint speed value

Speectieviation:# (5.5)
Setpointspeed
Linear speeds imposed in these experiments aresdah@ as those used in the

positioning experiments.

5.5.2 Configuration 1 speed control observations

The speed control provided by this configuratiordépendent on loading conditions.
Although setpoint speeds are set on the invertdrtiaamslated to the motor, effects of

loads greater than 150% the rated torque (SEW Ewed2006b) cause significant
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disturbances which are undetected by the inveifée inability of the drive to

compensate for disturbance in the system resuligmficant load dependent deviation
of actual speeds from setpoint speeds required roya@plication. The unloaded
configuration was however found to maintain a spdediation of about 0.07% for

command setpoint speeds values.

5.5.3 Configurations 2 and 3 speed control experiment procedures

Speed control experiment procedures for configongti2 and 3 are similar, with

exceptions in certain control software terms spadtiin the procedures below.

1. On the Movitools interface, “VFC n-control & IPO®iust be selected as the
operation mode of the ACIM, this enables definitminthe speed profile in a
tabular format in the “Table positioning applicatimodule” as travel distances
with required speeds and ramps. Similarly “Procekxk mode” must be
selected as the primary operation mode for theosernvthe Drivetop interface.
This also enables definition of the required spaedile.

2. For the Movidrive, a maximum of 32 positions andresponding speeds and
ramps can be set for VFC n-control & IPOS on Mavito “Process block
mode” on Drivetop can be configured for up to 6&idct or continuous blocks
of commands on the Ecodrive, however “continuooghil commands are used
in this experiment to provide the required speedfiles. The required position,
speed and acceleration are set, with other vakiead their default values.

3. Load (40 kg) and move the carriage to the zerotpditravel range along linear
shafts. This should correspond to speed profilestag position on the software
and must fit within software limit switches.

4. Ensure that the encoder has been reset to zesitlier the servo or the ACIM.
The procedure for this is the same as that fopts#tion control experiments.

5. Configure the scope or oscilloscope functions fe¢ Movitools or Drivetop
respectively.

6. Select the speed profile to be executed.

7. Start the scope or oscilloscope functions and #tar positioning command for

the ACIM or execute position strobe command forgéevo.
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8. After a speed profile has been executed and thiegaris at rest, stop the scope
and load the data to view the speed — time graphMovitools. For the
Drivetop, the oscilloscope function is terminatédh@ end of record time and is
loaded automatically with its graph displayed.

9. The graphs and data resulting from the scope aoflozsope functions can

then be analyzed to determine conformity with pekesl profile values.

Exact procedures for use of the inverters and theftware are available in SEW
Eurodrive and Bosch Rexroth documentation (SEW &uve, 2005, and Bosch
Rexroth, undated). The combined closed loop feddbadhe speed profile executed is
captured by the graph and actual data can be saveditilized afterwards in data
analysis. For this sets of experiments the speefll@orwas kept constant for both

ACIM and servo configurations with loads.

5.5.4 Configuration 2 speed control observations

The curve between Points A and D in the graph bgleigure 5-5) represents the
forward speed trajectory of the carriage. PointsBR, and B2 are the maximum
overshoots with respect to speed, which are tylgiaicountered with PID control.
The curve between C and D (and similar regionghesregion of interest in checking
conformity to setpoint speeds. In the graph belihs, setpoint speed for forward and
backward motions is 100 rpm. The negative speedegalindicate motion in the

backward direction.
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Figure5-5 VFC - ACIM with encodeispeed profile for CW and CC! 70
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The spikes at the transition regions in Figuredréattributed to overshoots during a
change in direction from clock wise to counter kl@gse and vice-versa rotation of the

motor shatft.

Table 5-4 is a summary of data obtained from théM\&peed control experiment for

unloaded conditions.

Table 5-4 Speed deviation values for unloaded gardition 2 at 146rpm

Ramp time (s) % Speed deviation
0.03 0.15
0.10 0.15
0.50 0.15
1.00 0.09
2.40 0.09

The above experiment was also conducted under doadeditions. Table 5-5 gives
percentage speed deviation values for three diffespeeds and ramp times for the

loaded configuration.

Table 5-5 Speed deviation for varying ramps andMG&peeds with 40 kg load

Ramp time (s) % Speed deviation at
100 rpm 146 rpm 160 rpm
0.03 0.42 0.73 1.19
0.50 0.31 0.71 1.15
4.00 0.12 0.05 0.57

The speed deviation ranges in Table 5-5 all fathimi 0.04% to 1.5%, indicating the
fairly good speed control capability of the VFC aertoder configuration. It should be
noted, however, that the above data has been ebtdwr rather low speeds in
comparison to the rated ACIM motor speed of 1506 gue to limitations of the
experimental set up and resource constraints. &umibre the speed data herein is
believed to represent accuracies obtainable witredower spectrum of the SEW drive
properties for speed (SEW Eurodrive, 2006a).
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5.5.5 Configuration 3 speed control observations

The curves from A to B, C to D, and E to F in Fguw-6 where analyzed for
conformity to the setpoint speed of 1600 rpm (8086/min). Curve Bl to D1
represents a forward motion of the carriage. Theelacations (ramp times) for the
trajectory were varied from 0.07 s to 0.1 s to Gs18Bence the increasing slope left to
right from B to C, D to E and F to F1.
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Figure 5-6 CFC - Servo speed profile for CW and C@Wtion at 1600rpm

Tables 5-6 provides a summary of speed controlre@xpat data for configuration 3 at

1600 rpm and varying ramp times/accelerations.

Table 5-6 Speed deviation values for unloaded CB&rvo application at 1600rpm

Ramp times (s) % Speed deviation
0.01 0.19
0.03 0.15
0.07 0.08
0.10 0.03
0.13 0.08
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Table 5-7 provides percentage speed deviation sdbrdoaded conditions of the same

configuration for varying accelerations and speeds.

Table 5-7 Speed deviation for varying acceleratemd servo speeds with 40 kg load

Accelerations % Speed deviation at
(mm/<) 4000 rpm 2800 rpm 1600 rpm 400 rpm
10000 0.07 0.08 0.08 0.07
6800 0.09 0.04 0.09 0.10
3600 0.03 0.02 0.06 0.02
400 0.03 0.09 0.02 0.06

5.6 Torque control

Experiments in torque control were not conducted ttuconstraints in resources and
equipment. However discussion with SEW represamst(Strzalkowski, 2007) and

review of commercial literature, establish thatqtee control for AC drives is only

possible with CFC type inverters (SEW EurodriveQ@4). More sophisticated absolute
encoders are also a requirement if torque corgrtw be implemented. The decision on
what control type to use when torque control isapplication requirement is straight
forward, in other words if torque control is a reqment, then CFC type inverters must

be used.

5.7 Comparison and significance of experimental and SEW
data

Drive systems as a whole have an effect on theativaccuracy of applications. As
such less rigid systems are more likely to haversrequal in magnitude to its loosely
fitting parts (e.g. a belt and pulley set up). Tigedity of the ACIM configuration was
improved by maximizing tensions in the belt andngiag inertia settings in the drive
software to improve “stiffness” in the motor rot&unning ACIM’s at speeds far lower
than their rated speed (as in our case above -evtherrated speed is 1500 rpm and it
was run at 145 — 200 rpm), is not recommended.d'ea] a proper knowledge of the
drive software is necessary. Inertia settings nhestcalculated to avoid an inertia

mismatch. For the SEW drive system, the operatias aptimized for the particular
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application. These issues are of significant imgmee when considering control

information.

SEW data presented in the following section, presidecommendation based strictly
on SEW products. Having used SEW products (ACIM,viove and Movitrac

inverters) for some of the experimentation, it isportant to make a comparison
between the experimentally obtained data and thposéded by SEW manuals (SEW
Eurodrive, 2006a). This comparison serves to vedidesults for both SEW and Bosch
drive (servomotor and Ecodrive inverter) data expentally obtained.

Recommendations based on quantitative data witpeotsto these different drive

configurations can then be made with some degressafrance and reliability.

5.7.1 SEW recommendations

Tables 5-8 and 5-9 give a summary of the data glwerSEW Eurodrive manuals
(2006a) used for the VFC/CFC type inverters (MDXG8HB Drive inverters). Their

data as such has been used in corroborating redués from experimentation.

Table 5-8 SEW Eurodrive drive properties [SEW Eungg] 2006a]

Position control error < +360
Voltagg flux control (VFC) Speed settings range 1:200
without encoder
Torque control No
: < £H0 +
Voltage flux control (VFC) with Position cqntrol error ‘Eto. 45
Speed settings range 1:800
encoder
Torque control No
Position control error <1
Current flux vector control (CFC - :
: Speed settings range >1:800
with encoder or resolver
Torque control Yes

Position control values refer to angular error oton shaft.
Settings range values are in reference to 3000 rpm.

The settings range figures shown in Table 5-8 eteis ratios in reference to 3000 rpm.
This means that for the VFC inverters without eraed optimum speed control is
achievable from 3000 rpm down to 15 rpm (1/208f 3000). Similarly for VFC
inverters with encoders, speed can be controllédieftly from 3000 rpm down to
3.75 rpm (1/808 of 3000). CFC inverters with encoders provide speentrol better
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that the later VFC configuration (i.e. better tHHB0G" of 3000). Table 5-9 provides

more information with respect to the speed settragge in the Table 5-8.

Table 5-9 SEW Speed control characteristics [SEVWbdnive, 2006a]

Inverter configuration

Max. speed deviation at
AM = 80%. based onyax

Speed deviation at
constant torque. based o

= 3000 rpm Nmax = 3000 rpm
VFC without Encoder 1.8% < 0.20%
VFC with Encoder 1.5% <0.17%
CFC with Encoder 1.0% < 0.07%

Setpoint speed = 1000 rpm

Step change in loatiM = 80% of rated motor torque

The defined control characteristics are maintaindtie specified speed range.

In setting up the ACIM for position control, paramees must be supplied to the control
software such as the diameter of the driving whekich are utilized in determining

actual position. Due to inaccuracies in the drivee@l (pulley pitch diameter) as well
as others in the test bed, errors may have bemduted into the positioning accuracy
results for the ACIM. To assess its influence, ¢h®r due to the pulley pitch diameter
was varied about its specified and calculated valligis showed that errors introduced
in this way are of the order of microns, and themefdoes not significantly affect the
overall determined positional accuracy. As suchdkpgerimental results give a good
representation of the positioning capabilities & tACIM configuration when

compared to corresponding SEW data.

Tables 5-10 and 5-11 present a comparison of expetal data and SEW data for
position and speed respectively. In order to méleerntecessary comparison between
SEW and experimental position control data, the S##a had to be converted from
angular error (positioning error in motor shaft)litcear error. The following equation

was used in conversion for the ACIM and servo motmfigurations.

SEWangularerror

Linearerror(mm)= 260

x Referencelisplacmen(mm) (5.6)
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where, reference displacement refers to the liteswel for each revolution of the
motor shaft.

For the ACIM, this equals the pulley circumference.
F1Xx7642mm = 240.081 mm
For the servo motor, this equals the ball screehpit
= 5mm

Table 5-10 Experimental and SEW position contrabiecomparison

. . . Position control error
Drive configurations

Experimental data SEW data
< 1.5 mm to 4 mm (with
Voltage flux control (VFC) external feedback) )
and ACIM without encoder < + 360 (without

external feedback)

Voltage flux control (VFC)
and ACIM with encoder <lmmto 7.5 mm <+ 3 mm to £30 mn

=}

Current flux vector control
(CFC) with servomotor < 0.5* mm to 3.5 mm <+0.014 mm
(internal encoder)

* Note: Absolute error was less than LDT measuremesuiution (LDT resolutior 0.5 mm)

Table 5-11 Experimental and SEW percentage speedtib& comparison

Percentage speed deviation
Experimental data SEW data

Drive configurations

Voltage flux control (VFC)

0,
and ACIM without encoder > 0.1% (load dependent <0.2% to 1.8%

Voltage flux control (VFC)

[0) 0, 0 0
and ACIM with encoder <0.1%to0 1.5% <0.17% to 1.5%

Current flux vector control
(CFC) with servomotor < 0.02% to 0.6% <0.07% to 1.0%
(internal encoder)

5.7.2 AC drive position control recommendations

5.7.2.1 VFC and ACIM without encoder
Due to inability to provide programmatically corteal position and its entire
dependence on external sensing for feedback, empetal position control data for
this configuration given by SEW Eurodrive (2006s)éss than 360angular error of
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motor shaft. This value corresponds to about 24Q mhich is the distance travelled
for each revolution of the ACIM shaft, and is inituely a range within which position

may be controlled even by visual means.

With proximity sensors and limit switches providingedback on position, a
positioning error range of less than 1.5 mm to 4 was obtained. The upper limit (4
mm) corresponds to the maximum displacement abdwelvthe limit switch lever will
bend. Bending of the limit switch lever defeatsgtsitioning purpose. It is important
to note that for such an application as implemeinettie experiment, the creep speed
plays the major role in the eventual positioninguaacy. For creep speeds less than

those implemented in the experiments, positioniag e further improved.

5.7.2.2 VFC and ACIM with encoder

The minimum and maximum absolute errors obtainedHis configuration are 1 mm
and 7.5 mm respectively (Table 5-10). These vatepeesent data for both loaded and
unloaded conditions. This error range (1 mm torr) falls within the lower limits of
equivalent positioning data from the SEW proje@npling manual (SEW Eurodrive,
2006a), and stated in Table 5-10 as 3 mm to 30 Afogical explanation for this is
that the speeds adopted for these experiments er€100 to 200 rpm= 35,000
mm/min) in comparison to the rated ACIM speed (0,58m= 360,000 mm/min). The
adopted speeds were so chosen to ensure companakisum linear speeds of the
servomotor (7,000 rprs 35,000 mm/min). The experimental ACIM speeds vwadse
limited by the length of the test bed. It can tiiere be inferred that the experimental
positioning data for implemented low speeds shgooldelate to those obtainable about

the 3 mm lower limit of position accuracy data sfied by SEW.

5.7.2.3 CFC with servomotor
For loaded and unloaded conditions, the minimum rmagimum absolute positioning
errors for this configuration are less than 0.5 amd 3.5 mm respectively (Table 5-10).
Position control data from these experiments wegtteb representative of the drive
configuration because they were performed at hggtvell as low servo speeds. Due to
the resolution of the LDT (approximately 0.5 mnije tminimum error measurable is
0.5 mm. Table 5-3 indicates positioning data ldent0.5 mm for majority of the

readings. Although these experiments were conduotdg a Bosch drive, data
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obtained is in conformity with those specified b8 system manuals as+0.014
mm for SEW servo drives. This range (< 0.5 mm t© i8um) provides a lot better
performance than with the VFC with ACIM configuiais.

5.7.3 ACdrive speed control recommendations

5.7.3.1 VFC and ACIM without encoder
As already explained, this drive has no speed fegdbas such it provides load
dependent speed deviations of about 0.1% for leatthsn 150 % of the rated torque of
the attached motor (SEW Eurodrive, 2006b, p.37)is Malue corresponds to the
specified SEW data &f 0.2% to 1.8% (SEW Eurodrive, 2006a).

Due to a lack of feedback speed information, distaces in the system as a result of
loads are not compensated for, causing the aatnalrg speed value to be less than
the setpoint speed. In order for this drive configion to be used for efficient speed
control, the motor must be properly matched to dhgen loads. The experimental
speed deviation range (> 0.1%) obtained for thisfigaration is unbounded by an
upper limit because it was tested only under urddadonditions. An upper speed
deviation limit can only be obtained under loadezhditions. The lower speed
deviation limit, as expected, coincides with thahiavable with an encoder and is

evident from VFC with encoder experimental data.

5.7.3.2 VFC and ACIM with encoder

For loaded and unloaded conditions the percentpgedsdeviation range is 0.1% to
1.5%. With reference to the speed profile graplgyfé 5-4) for this configuration, it
should be noted that a longer period of travel wqubvide the drive with enough time
to stabilize from its disturbed state of accelematio setpoint speeds. As such the
average speeds obtained from between points C aaddDother similar regions are
expected to conform more to setpoint speeds witle.tiThe above mentioned issue is
important in describing the speed control capaédiof these drives. However, SEW
data specifies a percentage speed deviation rahge 6.17% to 1.5% for this
configuration (Table 5-10) and is in entire agreemeith the obtained experimental

data.
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5.7.3.3 CFC with servomotor
The minimum and maximum speed deviations obtairedtliis configuration are
0.02% and 0.6%. In comparison to SEW data indigagiix 0.03% to 0.7% deviation
(Table 5-8), experimental data show a remarkakknkss. This speed deviation range
(0.02% to 0.6%) is much tighter than those obtdmakith VFC configurations, and

indicates a speed control performance niche for @rservo configurations.

5.8 Control evaluation conclusion

Figures 5-7 and 5-8 provide a summary of the opeyatiches and accuracy ranges for
speed and position of servo and ACIM drives. Inabasion, these figures could quite
easily be used in determining drive alternativegetieling on the speed and position
control requirements of any application. Torquetogneven though not specified on a
graph has been stated as possible only with CF€ ityyperters in combination with

ACIMs or servomotors (Strzalkowski, 2007). Otheivdralternatives such as DC and
stepper drives may be capable of providing positepeed and torque control of
similar performance as determined above. Howewgngtative data for these drives
are similarly difficult to obtain. Experimentatiomn these drives could form part of

subsequent work on electric motor selection.

A

A A A A A A A A A A A A A A A A A A A Ao
VFC and ACIM without
Encoder (external
feedback sensor

dependent +240 mm) VEC and ACIM with
Encoder (< 1 mm to 7.5 mm)
-4 [ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ] ° ° ° ° [ ] [ ] [ ] ° ° °
VFC and ACIM with

proximity sensor and limit

] switch (1.5 mm to 4 mm) CFC and Servo
Y e o o 06 0 0 o o o o (<0.5mmto 3.5 mm)

L]
1 4 A A A4 A A A A A A A A A A A A A A A A A AL

(o)) ~ o]
1

wv
1

N w N
1

Figure 5-7 Positioning error ranges for the différérive configurations
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A

1.6 -
1.4 - A
1.2 -
VFC and ACIM
14 without Encoder
08 - (0.1% to 100%) VFC and ACIM with
) Encode (0.1% to 1.5%
06 +———— e — = = -
0.4 CFC and Servo
0.05% to 0.6%)
02 - (
D....Y............Y......... e o

Figure 5-8 Speed deviation ranges for the diffedeivie configurations

These experiments contribute directly to obtainqugntitative data on control and
controllability requirements in the selection aideady discussed. The obtained data
serve as validation of the controllability requirms rules implemented in the
software which helps in providing more informatiam fully describing a given

application.
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CHAPTER 6 CONCLUSION AND
RECOMMENDATIONS

6.1 Conclusion

An objective of this thesis was to formulate a galtg applicable and easy to use
actuator selection procedure oriented towards L@Ah primary focus on electric
motors and their interfacing with inverters. Thibjextive was achieved by the
formulation of rules and involved the correlatidnirherent and driver acquired motor
properties to application requirements. In so doallg commonly available drive
alternatives could be considered as technicallplgiasolutions for any application

depending only on the application requirements.

The mentioned rules were also formulated havingimd the need for the procedure to
be expandable to other actuator types, hence &lqedoeing the definition of a list of
generic actuator properties. This satisfied theedbje for the developed software

program to be expandable to more actuator types.

The software was developed using Visual C++ prognarg language and
incorporated the rules to reflect application reguient choices made by any user as

technically viable motor and driver solutions.

The actuator selection aid was designed to strikaelance between two extremes: on
the one hand, the aid should give information thads precise as possible to enable
clear design decisions, but on the other hand itheslaould not require too highly
detailed inputs, so that it can be applied eaiti¢he design phases when design details
may not have been finalized. In the formulatioriref overall strategy, priority is given
to the aid being used earlier in the design prqcegber than giving more precise

results, since the impact of early design decismnthe final cost are usually greater.

Experiments to determine some quantitative operatimformation on AC drives were
also performed. This was done to further improveteot of the selection procedure

while augmenting scarce published quantitative .datssition and speed accuracy for
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three drive configurations were determined withultsspresented in Tables 5-10 and 5-
11.

Though the developed selection procedure and sthave been prioritized for early
design phases, and especially where selectionro€par drives or technologies could
potentially alter the design concept, the softwareld be very helpful in selection of

actuators for systems being redesigned.

In conclusion, having successfully developed thiecs®en procedure, the ability to
make cost effective, unbiased and experience inkyrg actuator selection decisions

for Low Cost Automation has been satisfied.

6.2 Recommendations

The following paragraphs outline some areas whentddr work is required and other

areas where the research objectives may be improved

Experimenting at speeds closer to the rated spaethé ACIM drive configuration
may provide more accurate control data. This, aqutementation on DC and stepper
drives to determine similar quantitative controtajas expected to be the next step to

this research.

The database containing drive solution must howdeebuilt up and improved to

reflect more properties of applications, drives awotlators as a whole. Upgrading the
selection procedure to include other actuatorsragpgsed work for future research.
This would involve work similar to that done hebeit with focus on another actuator

technology (hydraulics and pneumatics).

The CES selector (Granta Material Intelligence, 0B a materials and process
selection software developed by renowned autherdieCambridge University. This
software has been designed to allow creation artingdof reference data. An
investigation into its use as a possible shell dotuator selection is also proposed

future work.
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APPENDIX A INPUT RULES AND SEARCH MODE
CONTENTS

Group box:

Used to group application requirements under theesselection criteria

Radio button:
Used to implement mutual exclusivity amongst regmient under the same

selection criteria

Combo box:
Used to implement mutual exclusivity for directiborequirements only

Check box:

Used to implement Yes or No conditions for the aggjion requirements

Table A-1 Search mode 1 input rules and contents

Selection criteria

Microsoft Visual
C++ features

Application requirements

Tab page 1: Power supply, speed and torque

Power supply

Mutually exclusive

Unknown Power supply

Three phase (AC)

Single phase (AC)

DC power supply

Speed

Quantitative value

Torque

Quantitative value

Tab page 2: Load characteristics and control type

Application load
characteristics

Mutually exclusive

Unknown load characteristics

Constant torque, variable speed loads

Variable torque, variable speed loads

Constant power loads

Constant power, constant torque loads

High starting/breakaway torque followed by
constant torque loads

Control type

Mutually exclusive

Unknown control type

Closed loop control

Open loop control

Tab page 3: Position control,

torque control and response

Position control — No

Positipn control . < +360°
requirements Mutually exclusive o 5
(Position accuracy) <%5-45
<*1°
Torque control True/False Yes/No
Rapid response True/False Yes/No
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Input rules and search mode contents

Tab page 4: Speed control and drive configuration

Speed control
requirements
(Speed deviation)

Speed control - No

0.20% - 1.8%

Mutually exclusive

0.17% - 1.5%

0.03% - 1.0%

Drive configuration

Indirect drive application

Mutually exclusive

Direct drive application

Tab page 5: Overshoot restrictions and directional requirements
Overshoot restrictions — No
Overshoot Mutually exclusive < £360°
restrictions y < +5°-45°
<*1°
Directional : Unidirectional
- Mutually exclusive ——

requirements Bidirectional

Tab page 6: Environmental considerations

Quiet running
requirements

True/False

Yes/No

Temperature
sensitive application

True/False

Yes/No

Environmental
operating conditions

Normal conditions

Mutually exclusive

Vacuum conditions

Corrosive/harsh environments

Tab page 7: Speed variation and starting current

Operating speed
variation

Constant speed operation, known and
maintained

Mutually exclusive

Constant but slight variations (default
actuator speeds acceptable)

Significant speed variation (may need driver)

Constant and adjustable

Starting current
requirements

Unknown starting current requirements

Mutually exclusive

Approximately less than or equal to operating
or rated full load current

Greater than operating or rated full load
current

Tab page 8: Start d

uty and duty cycle

Unknown start duty

Less than nominal loads with infrequent
starting

Start duty Mutually exclusive Nominal loads with infrequent starting
Greater than nominal loads with frequent
starting
Unknown operating duty
Duty cycle Mutually exclusive Continuous duty requirements

Intermittent duty requirements
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Input rules and search mode contents

Table A-2 Search mode 2 contents

Radio button No.

Mutually exclusive predefined actuation scenarios

1 Unknown actuation scenario

2 Constant - speed service where starting torque is not excessive

3 Constant — speed where fairly high starting torque is required

infrequently with starting current about 550% of full load
4 Constant — speed and high starting torque, if starting is not too
frequent, and for high peak loads with or without flywheels
5 Constant — speed service where starting duty is light
6 High starting torque with low starting current, where limited speed
control is required
7 Constant — speed service, direct connection to slow speed machines
and where power factor correction is required
8 High starting torque and fairly constant speed
9 Constant — speed service where starting is easy, and where polyphase
is not available
10 Constant — speed service for any starting duty and quiet operation and
where poly - phase current cannot be used
11 Constant — speed service for any starting duty, where speed control is
required and polyphase current cannot be used
12 High starting torque is required and speed can be regulated
13 Constant or adjustable speed is required and starting conditions are
not severe
14 Constant or adjustable speed service with positioning accuracy
requirements (point to point and incremental motion control)

Constant or adjustable speed service with rapid start - stop response

15 requirements (short, rapid repetitive moves) as well as positioning

accuracy is required
16 Bidirectional and adjustable speed service operation with fairly high
starting torques
17 Constant/adjustable speed service in Harsh/Temperature sensitive

operating conditions requiring light weight and or positioning accuracy
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APPENDIX B GLOSSARY OF MOTOR TERMS

The following is a glossary of terms, most of whiakere sourced from Rockwell
Automation (2007).

A

AC MOTOR

A motor operating on AC current that flows in eitli#rection. There are two general
types: induction and synchronous.

ADJUSTABLE SPEED
Adjustable speed property of a motor is the abditynotor speed to be manipulated by
the user when necessary

B

BASE SPEED, RPM

The speed in revolutions per minute (RPM) which @ Botor develops at rated
armature and field voltage with rated load applied.

BREAK AWAY TORQUE
The torque required to start a machine in motiotmdst always greater than the
running torque.

BREAKDOWN or MAXIMUM TORQUE (developed during acezhtion)
The maximum torque a motor will develop at ratettage without a relatively abrupt
drop or loss in speed.

C

CE: This designation shows that a product such mstar or control meets European
Standards for safety and environmental protec#o@E mark is required for products
used in most European countries.

CANADIAN STANDARDS ASSOCIATION (CSA)
Canadian Standards Association like U.L., setsiBpestandards for products used in
Canada.

CAPACITOR MOTOR

A single-phase induction motor with a main windexganged for direct connection to

the power source, and an auxiliary winding conreeateseries with a capacitor. There

are three types of capacitor motors: capacitot,stawhich the capacitor phase is in

the circuit only during starting; permanent-spépecitor, which has the same capacitor
and capacitor phase in the circuit for both stgriamd running; two-value capacitor

motor, in which there are different values of cajaenxce for starting and running.

CLOSED LOOP
A broadly applied term, relating to any system ihick the output is measured and
compared to the input. The output is then adjusteckach the desired condition. In
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motion control, the term typically describes a egsutilizing a velocity and/or position
transducer to generate correction signals in mlat desired parameters.

COMPOUND WOUND DC MOTORS

Designed with both a series and shunt field windithg compound motor is used
where the primary load requirement is heavy stgrtorque and variable speed is not
required. Also used for parallel operation. Thellozust tolerate a speed variation from
full load to no-load.

CONSTANT TORQUE

Refers to loads with horsepower requirements thahge linearly at different speeds.
Horsepower varies with the speed, i.e., 2/1 HP8@0DMO00 RPM (seen on some two-
speed motors). Applications include conveyors, sooreshers and constant-
displacement pumps.

CONSTANT SPEED
A DC motor which changes speed only slightly fromcaload to a full-load condition.
For AC motors, these are synchronous motors.

CONTROLLER
A device or group of devices, that governs in adptermined manner the electric
power delivered to the apparatus to which it isnemted

CONVERTER/FREQUENCY CONVERTER

Frequency changer or frequency converter refeemntelectronic device that converts
alternating current (AC) of one frequency to alsgimg current of another frequency.
The device may also change the voltage, but ibésd that is incidental to its principal
purpose.

CURRENT, RATED
The maximum allowable continuous current a motar bandle without exceeding
motor temperature limits.

D

DC MOTOR

A motor using either generated or rectified DC poweDC motor is often used when
variable-speed operation is required.

DESIGN A, B, C, D - FOR AC MOTORS

NEMA has standard motor designs with various torcju@racteristics to meet specific
requirements posed by different application loddee design "B" is the most common
design
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Table B-1 NEMA motor design characteristics

NEMA STARTING STARTING BREAKDOWN FULL LOAD TYPICAL
DESIGN TORQUE CURRENT TORQUE SLIP APPLICATIONS
. . Machine
A Normal High High Low Tools, Fans
B Normal Normal Normal Normal Sa_me as
Design "A
Loaded
C High Normal Low Normal compressor
Loaded
conveyor
D Very High Low High Punch Press
DRIVE

An actuator subsystem consisting of a motor andedriit may also include other
accessories such as tachometers and encoders.

DRIVER

An electronic device that controls torque, speed/@nposition of an electric motor.
Typically a feedback device is mounted on the mioclosed-loop control of current,
velocity and position. It can however also be usedpen-loop control.

DUTY CYCLE

The relationship between the operating and resedimar repeatable operation at
different loads. A motor which can continue to @terwithin the temperature limits of
its insulation system after it has reached normpakrating (equilibrium) temperature is
considered to have a continuous duty (CONT.) ratlagnotor which never reaches
equilibrium temperature but is permitted to coolvddoetween operations, is operating
under intermittent (INT) duty. Conditions such agrane and hoist motor are often
rated 15 or 30 minute intermittent duty. Repetitoyeles refer to loads for various
intervals of time which are well defined and repsgaiand are given by the ratio of on-
time to total cycle time.

Ontime
Ontime+ Off time

Duty cycle (%) :{ } x100%

Duty cycles are, however, different. Where NEMA @oamly designates either

continuous, intermittent, or special duty (typigaéxpressed in minutes), IEC uses
eight duty cycle designations.

S1 - Continuous duty: The motor works at a conskaatl for enough time to reach

temperature equilibrium.

S2 - Short-time duty: The motor works at a conskaadl, but not long enough to reach
temperature equilibrium, and the rest periods ang lenough for the motor to reach
ambient temperature.
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S3 - Intermittent periodic duty: Sequential, ideatirun and rest cycles with constant
load. Temperature equilibrium is never reachedrtita current has little effect on
temperature rise.

S4 - Intermittent periodic duty with starting: Segtial, identical start, run and rest
cycles with constant load. Temperature equilibrismot reached, but starting current
affects temperature rise.

S5 - Intermittent periodic duty with electric bragi Sequential, identical cycles of
starting, running at constant load and running witHoad. No rest periods.

S6 - Continuous operation with intermittent loadeg8ential, identical cycles of
running with constant load and running with no loldd rest periods.

S7 - Continuous operation with electric brakingg&ential identical cycles of starting,
running at constant load and electric braking. &ki periods.

S8 - Continuous operation with periodic changesload and speed: Sequential,
identical duty cycles run at constant load and mgigpeed, and then run at other
constant loads and speeds. No rest periods.

E

ELECTRONIC CONTROL

Term applied to definite electronic, static, prems and associated electronic control
equipment.

ENCLOSURE
The housing or frame of the motor.

ODG Open Drip-Prof, Guarded
ODG-FV  Open Drip-Proof, Force Ventilated
ODG-SV  Open Drip-Proof, Separately Ventilated

ODP Open Drip-Proof

HP Vertical P-Base, Normal Thrust

LP Vertical P-Base, Medium Thrust, Extended Thrust
Prot. Protected

TEAO Totally-Enclosed, Air-Over

TEBC Totally-Enclosed, Blower-Cooled

TECACA Totally-Enclosed, Closed Circuit, Air to fAi
TEDC-A/A Totally-Enclosed, Dual Cooled, Air to Air
TEDC-Q/W Totally-Enclosed, Dual Cooled, Air to Wate

TEFC Totally-Enclosed, Fan-Cooled
TENV Totally-Enclosed, Non-Ventilated
TETC Totally-Enclosed, Tube Cooled
TEWAC Totally-Enclosed, Water/Air Cooled
TEXP Totally-Enclosed, Explosion-Proof
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IP-22 Open Drip-Proof (IEC Standard)
IP-44 Totally-Enclosed (IEC Standard)
IP-54 Splash Proof (IEC Standard)
IP-55 Washdown (IEC Standard)
WPI Weather Protected, Type |
WPII Weather Protected, Type II
XE Premium Efficient
XL Extra Life
XP Explosion-Proof
XT Extra Tough
ENCODER
A device that converts a linear or rotary displaeetninto digital representation
F
FEEDBACK

A signal which is transferred from the output bamkhe input for use in a closed loop
system.

FULL-LOAD TORQUE
That torque of a motor necessary to produce iedrabrsepower at full-load speed,
sometimes referred to as running torque.

FULL-LOAD/RATED MOTOR SPEED
The speed of the motor at full-load torque or thetan speed at which rated horse

power is developed.

H

HYBRID STEP MOTOR

A motor designed to move in discrete incrementsteps. The motor has a permanent
magnet rotor and a wound stator. Such motors amshless. Phase currents are
commutated as a function of time to produce motion

I

IEEE Standards (AIEE)

Is an organization concerned with fundamentals sisdbasic standards for temperature
rise, rating methods, classification of insulatingterials and test codes.

INDUCTION MOTOR

An induction motor is an alternating current motorwhich the primary winding on
one member (usually the stator) is connected topth&er source and a secondary
winding or a squirrel-cage secondary winding ondtieer member (usually the rotor)
carries the induced current. There is no physiledtecal connection to the secondary
winding, its current is induced.
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INERTIAL LOAD

A load (flywheel, fan, etc.) which tends to caule motor shaft to continue to rotate
after the power has been removed (stored kinetargs). If this continued rotation
cannot be tolerated, some mechanical or electi@ding means must be applied. This
application may require a special motor due todhergy required to accelerate the
inertia.

INERTIA MATCH
For most efficient operation, the system coupliagior should be selected so that the
reflected inertia of the load is equal to the rob@rtia of the motor.

INTERMITTENT DUTY

A requirement of service that demands operatioraf@rnate intervals of (1) load and
no load; or (2) load and rest; (3) load, no load egst; such alternative intervals being
definitely specified.

INVERTER

An electronic device that converts fixed frequeranyd fixed voltages to variable
frequency and voltage. It enables the user to ridally adjust the speed of an AC
motor.

J

JOGGING/INCHING

The intermittent operation of a motor at low spe&jseed may be limited by armature
series resistance or reduced armature voltage.

L

LIMIT SWITCH

A device that translates a mechanical position loysfgal position into an electric
control signal.

LOAD

The burden imposed on a motor by the driven machine often stated as the torque
required to overcome the resistance of the machimives. Sometimes "load" is
synonymous with "required power"

M

MOTOR CONTROL CIRCUIT

The circuit that carries the electric signal dinegtcontroller performance but does not
carry the main power current. Control circuits @ppgrom the load side of motor

branch circuits’ short-circuit protective devicas aot considered to be branch circuits
and are permitted to be protected by either supgiéany or branch-circuit overcurrent

protective devices.

MULTI-SPEED MOTORS

A motor wound in such a way that varying connedian the starter can change the
speed to a predetermined speed. The most commdirgpeed motor is a two-speed
although three- and four-speeds are sometimesaal&ilMulti-speed motors can be
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wound with two sets of windings or one winding. Ylege also available with constant
torgue, variable torque or constant horsepower.

N

NAMEPLATE

The plate on the outside of the motor describirgyrtiotor horsepower, voltage, speed
efficiency, design, enclosure, etc.

N.E.C. TEMPERATURE CODE ("T" CODE)

A National Electrical Code index for describing nmaxm allowable "skin" (surface)
temperature of a motor under any normal or abnowparating conditions. The "T"
codes are applicable to U.L. listed explosion-pnomitors. The skin temperature shall
not exceed the minimum ignition temperature of spstances to be found in the
hazardous location. The "T" code designations applynotors and other types of
electrical equipment subject to hazardous locatlassification.

NEMA
The National Electrical Manufacturers Associatis a non- profit organization
organized and supported by manufacturers of eteetfuipment and supplies. NEMA
has set standards for:

* Horsepower ratings

* Speeds

* Frame sizes and dimensions

» Standard voltages and frequencies with allowabi@mtians

» Service factors

 Torque

» Starting current & KVA

* Enclosures

NO-LOAD SPEED
Motor speed when allowed to run freely with no leadipled.

NOISE
Any unwanted disturbance within a dynamic electraramechanical system. This can
include electrical, electromagnetic, or acoustarargy.

NONREVERSING
A control function that provides for motor operatio one direction only.

@)

OPEN-LOOP

A system in which there is no feedback. Motor moti® expected to faithfully follow
the input command. Stepping motor systems are ampbe of open-loop control.

P

PEAK TORQUE (Tpk) (Ib-in.)

The maximum torque a brushless motor can delivestiort periods of time. Operating
Peak Torque motors above the maximum torque vadmecause demagnetization of
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the rare-earth magnets. This is an irreversibleeceffthat will alter the motor
characteristics and degrade performance. Thisaskalown as peak current.

Not to be confused with system peak torque, whicbfien determined by amplifier
peak current limitations, where peak current isagly two times continuous current.

POLYPHASE MOTOR

Two- or three-phase induction motors have theirdivigs, one for each phase, evenly
divided by the same number of electrical degreesveRsal of the two-phase motor is
accomplished by reversing the current through eithieding. Reversal of a three-

phase motor is accomplished by interchanging amy dfvits connections to the line.

Polyphase motors are used where a polyphase (phiase) power supply is available
and is limited primarily to industrial applicatians

POWER FACTOR

A measurement of the time phase difference betwleeroltage and current in an AC
circuit. It is represented by the cosine of thelamyg this phase difference. For an angle
of O degrees, the power factor is 100% and thdarajteres of the circuit are equal to
the watts (this is the ideal and an unrealistigagion). Power factor is the ratio of Real
Power-KW to total KVA or the ratio of active powéwatts) to apparent power (volt
amperes). It can also be defined as

> watts per phase _ Real power

Power factor = =
Z RMSvolt —amperes per phase Apparent power

PROGRAMMED CONTROL
A control system in which operations are directgdabpredetermined input program
consisting of cards, tapes, plug boards, cams etc.

PULL-IN TORQUE
The maximum constant torque, which a synchronousomuwill accelerate into
synchronism at, rated voltage and frequency (ther@o corresponding term for
induction motors).

PULL-OUT TORQUE
Is the maximum torque which the motor will develipynchronous speed.

PULL-OVER TORQUE (Stepper motors)
Refers to the amount of torque the motor can dxam one position to the next

PULL-UP TORQUE (minimum accelerating torque)

The minimum torque developed by a motor while iaccelerating from rest to the
speed at which breakdown occurs. For motors, wiiichot have a definite breakdown
torque, the pull-up torque is the minimum torquevedeped during the process of
achieving rated speed.
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R

RATED (CONTINUOUS) TORQUE

The maximum torque, at rated speed, the motor cadupe on a continuous basis,
without exceeding the thermal rating of the motor.

RATED SPEED
The approximate motor speed at its rated torquetpoi

RATED POWER
The maximum output power the motor can produce awmithexceeding its thermal
rating. (output power is a function of speed andue)

REGENERATIVE BREAKING

In ac motors, it results from the motors inher@mdiency (through a negative slip) to
resist being driven above synchronous speed bywarhauling load. In shunt-wound
dc motors, it occurs when driven by an overhauloag, when shunt field strength is
increased, or when armature voltage is decreasetlfustable voltage drives).

REVERSING
Changing the operation of a drive from one dirattm another.

REGENERATIVE DRIVE

Regenerative drives, often used interchangeably feiir quadrant drives, and applies
to the regeneration of energy from the motor andediack to the power source. A
motor generates when the load forces the motoo taster than the drive has set. Four
guadrant drives can prevent motors from over spgedh four quadrant drive is
regenerative when it puts the generated energy imdickhe source, like a battery or
the AC line. Also, the energy could be dumped am@slynamic brake resistor or a
dump resistor, as is the case in a non-regenerébivequadrant drive.

RELUCTANCE SYNCHRONOUS MOTOR

A synchronous motor with a special rotor designolhdirectly lines the rotor up with
the rotating magnetic field of the stator, allowiftg no slip under load. Reluctance
motors have lower efficiencies, power factors ardues than their permanent magnet
counterparts.

RESOLVER

An electromagnetic feedback device which convemgubar shaft position into

analogue signals. These signals can be processadiaus ways, such as with an RDC
(resolver-to-digital converter) to produce digifasition information. There are two
basic types of resolvers; transmitter and receidetransmitter-type is designed for
rotor primary excitation and stator secondary otgp@osition is determined by the
ratio of the sine output amplitude to cosine outpuotplitude. A receiver-type is

designed for stator primary excitations and rotecosmdary output. Position is
determined by the phase shift between the rotgoutigignal and one of the primary
excitation signals.
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RESOLUTION
Resolution refers to the smallest change in thesored variable that can be detected
by a sensor.

REPEATABILITY
Repeatability refers to the ability of a measurenhsstem to indicate the same value
upon repeated but independent application of theegaput.

REVERSING

Unless otherwise specified, a general-purpose D@mi® reversible. A DC motor can

be reversed by changing the polarity of the fieldhe armature, but not both. When
rapid reversing is necessary, the armature cinsuiteversed. In some cases, it is
advantageous to reverse the field connections wftstmotors, since the controls have
to handle much less current, especially on largeormp than do armature-circuit

contactors. An AC motor is reversed by reversirgdbnnections of one leg on three-
phase power or by reversing the leads on singlegpha

ROTOR

The rotating member of an induction motor made tigtacked laminations. A shaft
running through the centre and a squirrel cage nradest cases of aluminium, which
holds the laminations together, and act as a caadéar the induced magnetic field.
The squirrel cage is made by casting molten alumininto the slots cut into each
lamination.

S

SERVO

A Servo is a small device that has an output shdfis shaft can be positioned to
specific angular positions by sending the serva@ded signal. As long as the coded
signal exists on the input line, the servo will nain the angular position of the shaft.
As the coded signal changes, the angular positfotneo shaft changes. In practice,
servos are used in radio controlled airplanes tsitipn control surfaces like the
elevators and rudders. They are also used in @ditrolled cars, puppets & of course
robots. Servo is a system consisting of an ampliietuator & feedback elements.
Servos tend to control one or combination of tHeWang variables: position, velocity
and Torque.

SHAFT
The rotating member of the motor which protrudest plae bearings for attachment to
the driven apparatus.

SLIP

The difference between the speed of the rotatingnmitic field (which is always
synchronous) and the rotor in a non- synchronodadtion motor is known as slip. It
is expressed as a percentage of synchronous skedyenerally increases with an
increase in torque.

where, s = slip
ns= synchronous speed [r/min]
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n = rotor speed [r/min]

SOFT START & STOP

When starting, an AC Induction motor develops mimrgue than is required at full
speed. This stress is transferred to the mechatri@asmission system resulting in
excessive wear and premature failure of chaingsbgkars, mechanical seals, etc.
Additionally, rapid acceleration also has a massiveact on electricity supply charges
with high inrush currents drawing +600% of the nafmun current. The use of Star
Delta provides a partial solution to the problem.

SPLASH-PROOF MOTOR

An open motor in which the ventilating openings sweconstructed that drops of liquid
or solid particles falling on it, or coming towaitdin a straight line at any angle not
greater than 100 degrees from the vertical, caentdr either directly or by striking
and running along a surface of the motor.

SPEED
The speed of the motor refers to the RPM (revohgtiper minute) of the shatft.

SQUIRREL CAGE (ROTOR)

They are composed of bare copper bars, slightlgdorthan the rotor, which are
pushed into the slots. The opposite ends are wetdéglo copper end-rings, so that all
the bars are short-circuited together.

STANDARDS ORGANIZATIONS

ANSI American National Standards Institute

API American Petroleum Institute

BASEEEA zmzzpép;grsoval Service for Electrical Equipmenn iFlammable
CE Compliance to European Standards

CSA Canadian Standards Association

EPACT 1997 U.S. Energy Policy Act

IEC International Electrotechnical Commission
IEEE Institute of Electrical and Electronics Erggns
ISO International Standards Organization

NEC National Electric Code

NEMA National Electrical Manufacturers Association
UL Underwriters Laboratories

UR Underwriters Laboratories Recognized
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STARTER

A starter is an electric controller for accelergtthe motor from rest to normal speed.
Note: a device designed for starting a motor ihegidirection includes the additional
function of reversing and should be designated/ersing controller.

STATIC TORQUE
The maximum torque available at zero speed.

STATOR

That part of an AC induction motor's magnetic dinoe which does not rotate. It
usually contains the primary winding. The statomade up of laminations with a large
hole in the centre in which the rotor can turny¢hare slots in the stator in which the
windings for the coils are inserted.

STIFFNESS

The ability to resist movement induced by an applerque. Stiffness is often specified
as a torque displacement curve, indicating the ataumotor shaft will rotate upon
application of a known external force when stopped.

SYNCHRONOUS MOTOR

A motor which operates at a constant speed uplittohd. The rotor speed is equal to
the speed of the rotating magnetic field of theosta there is no slip. There are two
major synchronous motor types: reluctance and psemtamagnet. A synchronous
motor is often used where the exact speed of amnuist be maintained.

SYNCHRONOUS SPEED

The speed of the rotating magnetic field set ughey stator winding of an induction
motor. In a synchronous motor, the rotor locks stEp with the rotating magnetic field
and the motor is said to run at synchronous spapgroximately the speed of the
motor with no load on it.

frequency x 120

Synchronous speedd =
number of poles

T
TACHOMETER

A small generator normally used as a rotationaédmensing device. Tachometers are
typically attached to the output shaft of DC or A@riable-speed motors requiring
close speed regulation. The tachometer feedsgtsalio a control which adjusts its
output to the DC or AC motor accordingly (calledbsed loop feedback" control).

THREE PHASE POWER & SINGLE PHASE POWER

3 phase power is typically 150% more efficient tlsamgle phase in the same power
range. In a single phase unit the power fallsetm zhree times during each cycle, in 3
phase it never drops to zero. The power delivarede load is the same at any instant.
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U
UNIDIRECTIONAL
Rotates in one direction only and stops every ¥eks until signalled to move again.

U.L. (UNDERWRITER'S LABORATORY)

An independent testing organization, which examiaesg tests devices, systems and
materials with particular reference to life, firexda casualty hazards. It develops
standards for motors and controls used in hazarndoasons through cooperation with
manufacturers. U.L. has standards and tests fdogigp- proof and dust ignition-proof
motors, which must be met and passed before afiphicaf the U.L. label.

\%

VARIABLE FREQUENCY/VOLTAGE ELECTRONIC DRIVES

Drives for motors through which frequency and vgétanay be changed, allowing an
independent change of speed and torque

VARIABLE TORQUE

A multi-speed motor used on loads with torque resaents, which vary with speed as
with some centrifugal pumps and blowers. The haraep varies as the square of the
speed.

VARIABLE SPEED

Variable speed is an inherent property of a motaracterized by speed fluctuation
about the mean synchronous speed and is dependettading conditions. For
applications where constant speed is absolutelyessacy an asynchronous motor
without an inverter will be a wrong choice becao$ats variable speed property. A
more appropriate choice would be a synchronous ma&rvo motor or even an
asynchronous motor with an inverter for speed obntr

VECTOR CONTROL

Vector or field orientated control in AC motors aives adjusting the magnitude and
phase alignment of the vector quantities of theamolt is used to produce high
performance servomechanisms by predicting the imtadf internal flux and then
injecting current to interact optimally with thaaX.

W

WOUND ROTOR INDUCTION MOTOR

A wound rotor induction motor is an induction motarwhich the secondary circuit
consists of polyphase winding or coils with ternténénat are either short circuited or
closed through suitable circuits. A wound rotor anos sometimes used when high
breakdown torque and soft start or variable-speedation are required.

WORLD Standards

Standards similar to our NEMA Standards have bst@béshed in other countries.
The most significant are

a. IEC (International Electrochemical Commissiotgridlard 72—1, Part 1

b. German Standard DIN 42673

c. British Standard BSI-2960, Part 2
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APPENDIX C EQUIPMENT SPECIFICATIONS
C.1 Hardware specifications

1. Encoder specifications (SEW Eurodrive):
Incremental encoder (OG 71) — Optoelectronic precispeed measurement
device
Temperature class: T4
Group of equipment: I
IP 66
Resolution: 1024

2. Inverter specifications (SEW Eurodrive):
2.1 Movidrive Inverter MDX61B0008 — 5A3 — 4 — 00
kW: 0.75
3 phase 380V

Multifunctional programmable drive
2.2  Movitrac B MC0O7B0005 — 2B1 — 4 — 00 (SE:20

Inverters specifications (Bosch Rexroth): EcodrB/¢BGP 01VRS)

AC Induction motor specifications (SEW Eurodriveameplate details

Type: DT90S4/ES1T I-Kl: F
V: 230/400 ConAlY Cos: 0.81 Hz: 50
A: 2.80 M/Pos: B3 T/Box: O IP 55
kw: 1.1 R/min: 1400 m: 16 kg

5.  Servomotor specifications (Bosch Rexroth): Nameptgtails

Type: MKD041B — 144 — KG1 — KN

SIN: MKD041 — OV574 | m:4.4kg
Natural convection

MdN: 2.7 Nm I.CI: F

IdN: 7.5 A IP 65 nMax: 7500 mih
KE (eff): 36.3 \V/1000 mift Km: 0.40 Nm/A
Brake: 2.2 Nm DC: 24 V£ 10% 0.34 A

Motor encoder resolution: 32768
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Other equipment used includes a ball screw, linesaring shafts, micro switches,

position sensors and coupling. Their specificat@amsgiven below.

6. SKF precision shafts: SKF LRC 25
SKF ball screw: SKF BSFB 25 FBUF 25

7.  HRC spider coupling
Size 70
Angular misalignment capacity of up to 1o
Standard element -0 / +106C

8. ASM Linear displacement transducer:
2000 mm/10 V Range

9. HBM PC measurement electronics
Spider8 (Catman Easy DAQ software)
4.8 kHz carrier frequency technology

12 bit resolution

10. Rhomberg Brasler Proximity sensor:
R14-9020F NO-PBC
Detechtor intelligent can line sensor

11. RS components Micro switches:
D45X 125-250 VAC

12. Aluminium toothed pulleys
Type T5
Number of teeth: 48
Pitch diameter: 76.42 mm

13. Polymer ribbed with steel wires toothed belt
Pitch: 5 mm
Width: 25 mm
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C.2 Software specifications

MOVITOOLS - MOTIONSTUDIO 5.30 (5.3.0.6) SEW-EUROD®E GmbH &
CoKG:
This SEW software was used in conjunction with Typelovitrac inverter for
open loop control of the AC induction motor withaurt encoder. It provides a
means to parameterize and  the motor, as wedlnasscilloscope function
(SCOPE) to diagnose faults and to monitor drive pprbes. For the
experiments it also served in data acquisitiorsfwged control.

MT Manager MOVITOOLS SEW-EURODRIVE GmbH & CoKG, \&on 4.40:
This SEW software was used in conjunction with Tgadovidrive inverter for
closed loop control of the AC induction motor andceder. Functions of
interest within this software are: SHELL for paraereation and start up of the
motor, and SCOPE for drive diagnosis and monitorifgis software also

served in obtaining speed control data.

DriveTop INDRAMAT Bosch Rexroth AG 2004, Version DTOP™ - INB -
16VQ09 - MS:
This Bosch Rexroth software was used in conjunctiath Type 3 Ecodrive
inverter for closed loop control of the servomottr.provides a means to
parameterize and start up the motor, as well agsailoscope function to
monitor (speed control data acquisition) and diagribe drive.

HBM Catman Easy Version 2.0:
The HBM Spider8 PC measurement electronics with shitware were used in
conjunction with the linear displacement transdu@ddT) for independent
displacement data acquisition. It was used in catibthe LDT for measurement
using data acquisition (DAQ) projects. The convarsiesolution of the Spider8

PC measurement electronics is 409&)(2nd the range of the LDT is 2000
mm/10 V.
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