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ABSTRACT

EVALUATION OF THE EFFECTS OF THE PARAMETER VARJATIONS ON THE
FERFORMANCE OF THE FEED DRIVE SYSTEMS FOR N,C, MACHINE TOOLS

GUZELBEY, ibrahim Halil
M,S. in Mechanical Engineering
Supervisor s Asst.Prof.Dr,i,Hiseyin FIiLiZ
March 1985, 86 Pages

This thesis is a theoretical investigation of the effect of the
parameter variation on the dynamic performance of nc machine tools
feed drives by using analog simulation method,

In this study, lumped parameter approach is used to model the
system, Friction is included in the model as & non - linear parameter,
The control system of the feed drive is considered as a position and
velocity feedback loops without compensation., System is examined
under these conditions,

Two inertia model is considered to be enough to analyse the feed
drive systems Analog simulation is illustrated by an example whose

parameters are chosen from a real machine tool,

Key Words : analog simulation, feed drive system, dynamic performance,
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OzZET

NUMERIX KONTROLLU TAKIM TEZGAHLARININ KIZAK TABRIX SISTEMLERININ
PERFORMANSI UZERINDE PARAMETRELERIN DEGiSiM ETKiSININ INCELENMEST

GUZELBEY, 1brahim Halil
Yiiksek Lisans Tezi, Makina Mihendisligi Boliimii
Tez Yéneticisi : Yard,Dog.Dr.i,Hiseyin FiLiZ
Mart 1985, 86 Sayfa

Bu tez, Orneksel benzegim ytntemiyle sayisal kontrollu takim tezgah-
larinin kizak tahrik sisteminin dinamik performansi iizerinde, parametre
degigimlerinin teorik incelenmesidir,

Bu galigmada, sistemi modellemek igin kiimelenmig kitle yaklagimi
kullanilmigtar, Siirtiinme, linear olmayan parametre olarak modele dahil.
edilmistir. Kizak tahrik mekanizmasinin kontrol sistemi, kompenzasyon—
suz konum ve hiz gevrimlerinden olugtugu kabul edilmigtir, Sistem bu
sartlar gergevesinde incelenmigtir,

Kizak tashrik sistemini analiz etmek ig¢in ikili kitle modelinin
yeterli oldugu kabul edilmistir. Orneksel benzegim, gercek bir takim

tezgahindan segilen parametreler kullanilarak bir 8rnekle gosterilmistir,

Anahtar Kelimeler : ©rneksel benzegim, kizak tahrik sistemi, dinamik

performans,
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NOMENCLATURE

material damping coefficient of nut - screw assembly,
torsional equivalent of Cns
material damping coefficient of lead ~ screw
material damping coefficient of coupling
coefficient of viscous damping at aft end bearing
coefficiant of viscous damping at drive end bearing
motor viscous damping coefficient

slide viscous damping coefficient

torsional equivalent of Dta

motor back e.m.f,

current

aft end bearing inertia

drive end bearing inertia .
coupling inertia

motor rotor inertia

slide inertia

axial stiffness of lead screw

motor back emf constant

axial stiffness of aft end bearing

axial stiffness of drive end bearing

position transducer gain

equivalent axial stiffness of lead screw assembly
torsional equivalent of Kea

axial stiffness of screw — nut assembly

axial stiffness of nut - slide connection
position loop gain

motor torque constant

torsional stiffness of coupling

X111



KTS torsional stiffness of screw
KV velocity loop gain
L length of ball screw
La motor inductance
MP mass of the slide
n time scale factor
P lead screw pitch
Ra motor armature resistance
RT' total resistance
Tf friction torque
Tfm motor friction torque
Tfs slide friction torque
Tg electrically generated torque
v motor terminal voltage
e angular position
é angular speed
a angular acceleration
w natural frequency
friction coefficient
C compute time

X111



CHAPTER 1

INTRODUCTION

The feed drive system is the most important part of nec machine
tools because of direet effect on th; positioning accuracy of the slide
and therefore the accuracy of the workpiece, For that reason, after
determining the sizes of the components of the feed drive system,
the design shonld be finalised by checking its dynamic performance,

The feed drive system consists of an actuator, a coupling unit,

a transmission unit and load, This study is mainly devoted to direct
drives in which actuator is directly coupled to the transmission unit,
In addition, the feed drive system is controlled by the way of
position and velocity feedback, Compensation is not considered in
this study,

The system is examined on a two inertia linear model, But a non -
linear model including the friction is also analysed, Some researcheres
(2y4) indicate that the two.inertia model is sufficient to analyse
the system,

Dynamic performance can be examined by either digital simulation or
analog simulation., Analog simulation is more rapid than digitél simula~
tion, Low cast of analyis is also an advantage for analog computer in
spite of the low accuracy, compared with digital simulation,

The aim of this thesis is to bring more organization on the work of
modelling of feed drive systems and to illustrate the effect of variation
of the system parameters on the dynamic performance and hence to help
the designer in finding the compromise between conflicting requirements
in finalising the design.

The influence of the system parameters on the dynamic performance
is described by an illustrative example whose parameters are taken from a

real machine tool, Stiffness, load inertia, damping coefficient, control

1



loop gains and friction coefficient between slide and slideway are
used as system parameters,

GP - 6 Comdyna analog computer is used for this purpose,
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CHAPTER 2

LITERATURE SURVEY

2.1, INTRODUCTION

In this chapter, the most relevant literature on the work report-
ed in this thesis is presented,
Section 2,2 is devoted to the studies on feed drive modelling.

Analog simulation and its important aspects are covered in section 2.3

2.2, FEED DRIVE MODELLING

An equivalent model is used in the analysis of the feed drive.
Previous works (2,3) indicate that torsional model are convenient
in obtaining the governing equations,

Seto and Yamada (1) have studied to improve the controllability
of machine tool feed drive, They used the method of linear analysis
to evaluate the performance of system, The results are represented by
a specisl pole - zero locus graph,

Filiz (2) has developed an effective method to design and select
the components of high performance nc machine tool feed drives., For
this purpose, he has studied on the feed drive models. In his work, an
interactive computer program was prepared for both of them, In addition,
the design of control systems and digital sémulation for the evaluation
of performance was explained,

Tkawa and Mizumoto (3) have made an analysis for the transitional
behaviour of the machine tool table at positioning with the aid of digi-
tal simulation., A spring - mass model with five degrees of freedom is
used as an equivalent system of a typical feed drive mechanism which

consists of the table, a leadscrew, a gearbox and an actuator, The

3



effects of the dynamic parameters of the feed drive component on the
positioning accuracy are evaluated and it is shown that the model with
five degrees of freedom can be simplified into the model with one or

two degrees of freedom for some of the feed mechanisms with conventional
structure,

Dutcher (4) has discussed the design of the servo system and
different types of components of ne machine tool feed drives., He has
described the effect of stiffness,friction and lost motion of the trans-
mission unit on servo performance.

Zeleny (5) has made an analysis of the design of feed drives
for nec machine tools, The stability is studied with consideration
of the compliance and the backlash in the feed drive of the machine tools
operating with position feedback., The regulating range of the feed rate
and the possibilities of reducing the overshoot are investigated for
feed drives of machine tool operating without position feedback.

Thomson (6) suggests various methods for eigen values of lumped
parameter system, The basic concepts of the modelling and the analysis
of spring - mass system are also examined,

Khong and Bell (7) have studied on dec motors of the feed drives
for nc machine tools, They seek to clarify the design procedure. The
classes of de motor that are commercially available are discussed with
the aid of tabulated performance parameters of current motors. In
addition, the interaction between the power amplifier and the dec motor
is presented,

Andreev (8) compares technical characteristics of some dc motors.
He shows their basic advantages and disadvantages, He also specified
the special advantages of high torque motors for the nec machine +tools,

The dynamic and electrical equations, various characteristics, new
types and selection and design criteria of de¢ motor are evaluated by
(9). It also includes the design considerations of control system,

These aspects are illustrated in various examples,



2¢3o ANALOG SIMULATION

Analog simulation is a common way to analyse the dynamics of feed
drive systems., System equations are scaled to apply to the analog
computer, Previous studies pointed out the difficulties and importance
of scaling,

Jackson (11) gives a very wide text on analog computation and
design of computer elements. He has studied on many subjects from the
basic analog computer to hybrid systems,

Rajaraman (12) explains the techniques of solving ordinary
differential equations using the analog computer and for simulating
systems described by ordinary differential equations., He illustrates
those techniques with various examples,

Blum (13) represents the dynamic behaviour of electro - mec-
hanical devices and systems using analog or hybrid simulation.,
Transient and steadystate phenomena associated with either ac or
dec electrical machine have been investigated, As an example of such an
application, the development and simulation of the mathematical model
of an automobile alternator are given in his analysis,

Rea (14) has designed the mechanical linkages using an analog
computer. The necessity to be able to assess quickly the effects of
chareing linkage parameters on the metion of the linkage has provided
by using logical control and high speed repetitive operation,

Cuppan and Bollinger (15) have investigated a procedure for
simulating the dynamic behaviour of a machine tool structure and drive
system on an analog computer, The numerical values for the system
parameters were taken from digitial computer studies of the structure
and data from component manufacturers, Various open - loop studies
performed with this simulation were discussed and where it is
possible, compared with experimental studies,

Benett (17) has explained the scaling on the analog computer,
Especially, bootstrap technique is described as a way of effective
usage of the analog computer componets, In addition he gives a software

about parallel logic analog computation,

5



Stephenson (18) has pointed out the importance of the com -
puters and compared the digital and analog computers and investi -
gated the tecniques for modelling and scaling with various examples,

Pessen (19) shown two rules for time scaling on analog
computation, Two rules of thumb are presented for determining
whether a change in time scale in the computer circuit is necassary
or not, One of them is for the simulation of feedback systems by
means of transfer functions and the other applies to circuits for|
solving differential equations,.

Ashley (20) discusses the consideration errors in time scaling
and suggests a different approach for time scaling, He also discusses
the advantages of using the state variable notation,

Cannon (21) has proposed a systematic matrix method which may
be used to scale differential equation written in state variable form,
The method requires estimates of the maximum values of each computer
variables and the technique is shown to be applicable to both linear
and non - linear systems, The method is followed by an effective
rescaling algorith.

Auslander (22) has investigated new approaches and idea about
scaling, State variable rnotation is used to writé the egquations, The
scaling is done both without requiring any prior knowledge of the
system's bghaviour and without requiring any knowledge about the time
of respon%g. There is Just one process in preparing a set of equatién
for analog solution.

An analog computer oircuit that correctly simulates the static
and kinetic effects of dry friction is given by Wang and Shen (24),
This analog computer circuit including diod function generat or
satisfies the friction model, A high gain limiterand a shifted
hysteresis are used in circuit so it represents the effect of the
friction while the velocity approaches zero,

Parnaby (25) has #tudied the friction effects in a class
of hydraulic servomechanisms, He has realised a circuit %o satisfy
the friction model, The circuit has an output which depends upon the

sign of the input. The ratio of static and coulomb friction, together

6



with threshold velocity up to which the friction is held at the static
level, are readily adjustable and its velocity can be made extremely
small so as to give virtually instantaneous change from the static

level to the coulomb level when input velocity changes sign,



i CHAPTER 3 o
FEED DRIVE MDELLING

3.1. INTRODUCTION

Feed drive model and its equations of motion will be obtained
in this chapter. Lumped parameter approach is used in modelling,
Both linear and non — linear models are employed for the analysis
of system, Friction is used as a sole non - linear parameter in the
non -linear model, The control system consists of a velocity
feedback and a position feedback loop., '

The section 3,2 gives the general view of modelling in feed
drive systems, The models of the components of the feed drives,
combination of these are presented in section 3.3, Model equations

are obtained in section 3.4,

3.2, THE GENERAL VIEW ON MODELLING AND FEED DRIVE

The characteristics of dynamic systems are described with their
equivalent models, The equivalent models can be obtained by using two
different approaches, One of them is lumped parameter approach which
consists of discrete masses, springs and dashpots, Complex systems can
be modelled more easily by this approach but it includes some errors
because of various assumptions which are the lumping of the mass at a
few discrete points, approximate friction models, etc, These errors
must be kept in mind. The other one is distributed parameter method
which is more exact, but analysis are limited to a narrow selection

of problems, such as uniform beam and slender rod.

Lumped parameter approach is used in feed drive modelling because of

€éase of applicability as was pointed out by many researchers (1,2,3).

8



This method is applied to each component of feed drive and they are
represented by a number of massless field and fieldless mass, A field
is shown by spring and dashpot whioh'represent the stiffness and damping
respectively and fieldless mass defines each lumped inertia. The com-
bination of these components gives the model of feed drive,

The vibration of system has two modes. The rotational parts and
tranglational parts create the torsional and axial modes of vibration
respectively, There is no coupling between these, To simplify '
the model and to ease the writing of equations of motion,axial part
of the model is converted to its torsional equivalent, For pure tor-
sional model, equations of motinn are written at each lumped inertia
by using Newton's second law. These are the second order ordinary
differential equations,

A feed drive is a group of mechanical, electriecal and hydrauvlioc or
pneumatic components that controls the position and/or velocity of a
machine slide an shown in figure (3.1). An input which can be
position, velocity or torque (acceleration) is given to obtain a res-
ponse at slide,

The coinponents of feed drives can be separated into four groups.

1) Actuator
2) Coupling unit
3) Transmission unit

4) Table

Actuator is used to provide the power, A dc servomotor, a
stepping motor, a hydraulic motor or a hydraulic cylinder which is directly
coupled to the load‘without transmission unit c¢an be used as an actuator,
As a result of the requirements of the machine tool about actuators, the
feed drive must be capable of delivering a high torgue at low speeds
and a small torque at higher speeds for rapid traverse,

Coupling unit connects the actuator to the transmission unit with
or without torque and speed reduction or amplification, These are
supplied with a gearbox or a toothed belt or a coupling. If a coupling

is used, the feed drive is called as direct drive., A coupling is used
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as a coupling unit in this study,

Transmission unit transmits the power from a source to a load,
It has a few kinds which are lead screw, rack - pinion and hydraulic
cylinder which is also used as an actuator, A ball bearing screw
assembly is used as a transmission unit in this study, Filiz (2)
indicated that the ball bearing screw has some advantages which are
the low friction, low wear, easy lubrication and high efficiency
compared to lead screw,

Table carries the tool holder or the work piece, It may be

moving on plain, antifriction, combined or hydrostatic slideways,
3.3, Modelling of Feed Drive and Deriving the Model Equations
The model of each component of feed drive is obtained independently

from each other, And the combination of these at discrete points

creates the feed drive model,

3,3.1 DC Motor Model

The equationsof armature controlled dc motor include the elec-
trical and mechanical parameters, A dc motor model consist of an
inertia, a dashpot and a generated torque, Tg, acting on the
inertias Dashpot represents the viscous damping coefficient, dm, which
is obtained from the manufacturers catalogues.

A dec motor can be illustrated by an equivalent electrical
circuit as shown in figure 3,2, The relationship between the

parameters may be written as follows

dI

V= el Ra°I + Eg (3.1)
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The motor back emf constant is proportional to rotor velocity,

this relationship is expressed as ¢
Eg ] KB e Om (3.2)

Substituting the expression for Eg in to equation 3,1, then :

a1

Vel s=+RI +K 8 (3.3)

Fige3.2 FEquivalent Circuit for DC Motor

Since the magnetic field in the moter is constant, the current

produces a proportional torque, Tg.

T = K Y °
y I (3.4)

The relationships between speed - torque and current - torque are

approximately shown in figure 3,3,
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Current
Speed

4
Speed Current

oy
-

Torque

\ Fige3.3 Speed - Torque and Current - Torque Curve of PM DC Motor

If the model contains the motor friction torque, it is called as
non - linear model, Figure 3.4 shows the linear and non - linear

model. The model of friction will be given in section 3,.3.4

a) Linear b) Non-Llinear

Fige 3.4 DC Motor Models
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3,3.2 Coupling Model

Coupling is considered as an inertialess field and two fieldless
inertias. The friction between two mating part is ignored, Two fieldless

inertias are assumed to equal to each other, They are expressed as s

et ™ oy ™ Jc/2 ’ o (3.5)

A coupling and its model are shown in figure 3,5,

Te

(a) (b)

Figs 3.5 A Coupling and its Model

L

The stiffness, Kc’ is generally given by the manufacturers or can be

caleulated, The damping, C represents the material hysteresis, The

Tc’
type of this is a flexible coupling.

3e3e3 Leadscrew Assembly Model

The components of system are thrust bearings, ball bearing
screw , ball - nut and the machine tool slide, There are two kinds of
vibration depending on rectilinear motion and rotation, Rectilinear

motion is composed of motion of slide and ball ~ nut, Rotation consists

14



of motion of ball bearing screw and thrust bearings, After torsional
and axial model are constructed, axial model is converted to its tor-

sional equivalent so the model is represented by a pure torsional model,

3,3,3,1 Torsional Model

This model is obtained according to the supporting method. If
double ended assembly is used, then 3 discrete points are chosen,
These are at the drive end, at the nut point and at the aft end, In this
assembly, drive end and aft end are equipped with thrust bearing and
this supporting method can be considered as both end fixed, If single
ended assembly is used,then 2 discrete points are chosen, These are
at the drive end and at the nut point respectively., In this case, thrust
bearings are placed at the drive end and they carry axial load in both
direction, This supporting method can be expreased as one end fixed and
the other end simply supported., The schematic representation of these
assemblies and their models are given in figure 3.6 and 3.7 respectively,

The determination of the model parameters is given as follows 3

a) Inertia

Js is the total inertia of the screw., If the distance ,x,
between point 1 and point 2 is described as a variable, inertias at each

discrete point are expressed as follows

For Double Ended Assembly

X
ng = 0.5 J8 L
= . .6
Jp =05 T (3.6)
L - X
Js} = 0.5 Js L
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Fig.3.6 Double Ended Leadscrew Assembly Configuration
and its Model.
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Fig.3.7 Single Ended Leadscrew Assembly configuration
and its Model.
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J, = 0,57 (3.7)

is always 0,5 Js

J
where 62

For Single Ended Assembly

X
Jsl % 0s3 Js L
JB?. " Js - Jsl (308)
g™ Ty * T (3.9)
J. . =J +J

If the supporting method of ballscrew is one end fixed and one

end free, then J

s Oisappears in equation (3.9 ).

b) Torsional Stiffness

If the torsional stiffness of the screw is KTS s the
distribution of the stiffness between discrete

points is as follows ¢

For Double Ended Assembly

L
K =K pet
TSl TS X
I (3,10)
Kpso = Kps T x
For Single Ended Assembly
L
Krs1 = Bps X (3.11)
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c) Damping

The damping in the leadscrew results from material hysteresis
losses, In addition the damping depending on the lubrication is called
viscous damping which is between inertias and ground, It depends on the

various operating conditions,

3e3.3.2 Axial Model

Axial model of the ball bearing screw assembly is the most important
part of the feed drive modelling, Because the torsional equivalent of
axial stiffness is much lower than torsional stiffnesses. $So it strongly
affects the system performance and lcst motion and results in a lower
resonant frequency.

The effective mass in the model is the mass of slide including

the mass of the nut, Equivalent stiffness of axial model is composed

of the axial stiffnesses of the bearings Kbd and Kba’ nut - table
connection, X ,, mnut - screw conmeotion K and the screw, K |,
nt ns as

for its whole length, The stiffness of bearing housing is ignored

because of its high value,
For Double Ended Assembly

The double ended configuration of leadscrew assembly including
its axinl model parameters is illustrated in figure 3,8, The axial

astiffnesses of the screw shown in that figure are expressed as :

(3.12)

The combination of these axial stiffnesses createssthe equivalent
stiffness, If the bearings of the ball bearing screw are identical fhen

K = K = 2K and K
asl as?2 as n

K is expressed as
ea

¢ is assumed to be higher than Kns’ 8O
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Kbd K@s Khs

K = (3.13)~
ea 4Kbd Kﬁs + Kbd Kﬁs + 2K$s Kﬁs

o ol il
KnS1

KuSZ VNV
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A Kns1 W WA
(a)
1 K.
NN
A M
— T
T
C, L
i j;l Dta
(b)

Figs. 3.8 Axial Model of Double Ended Leadscrew Assembly

where CnB is the material damping of nut - screw connection and
Dy 15 the viscous damping on the slideway surfaces,
At the double ended assembly, the equivalent stiffness is lowest

at the middle of ball bearing sorew.
For Single Ended Assembly

The single ended configuration.of lead screw assembly including
its axial model parameters is illustrated in figure 3,9. In this model,
K 5 and Kia are assumed to be zero, And then the combination of

a8
stiffness terms creates the equivalent stiffness, It is expressed as :
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K K K
bd 1
asl na (3{14)

K =
ea Kid Kasl + de Kﬁs + Kﬁsl Kﬁs

bd B :J K oy _ '

}AWWV{_______ VWL —f—L—U
Kns _L |
[
(a)
Kea
1 M;
. fl?
C
"s Dtu
(b)
Fige.3.9 Axial Model of Single Ended Leadscrew Assembly
The equivalent stiffness has the lowest value at the stroke
position from the drive end for the single ended assembly,
2
If all parameters in axial models are multiplied by (P/2m )

to obtain their equivalent torsional model, the feed drive model can be
constructed by pure torsional parameters, Torsional equivalent of axial
models is shown in figure 3,10, This is true for both single ended and

double ended assembly, But parameters are different from each: other

The torsional model and the torsional equivalent of axial model
of leadscrew are combined at the nut point because the rotary motion
is converted to rectilinear motion through the nut. This model is also

combined with do motor and coupling model and so feed drive model is
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Fig., 3.10 Torsional Equivalent of Axial Models

obtained, The combined modals of leadscrew are illustrated in figures
3.11(a) and 3,11(b). If the friction is included in model, then it is
called as non - linear model,These models are shown in figure 3.12(a)

and 3.12(b). The feed drive models are represented in figure 3.13 and
3,14,

3e344 Friction Model

Friction is the rensistance that is encountered where two elements’
surfaces slide or tend to slide over each other, These surfaces can be
dry or lubricated. In the first case, friction is called as dry friction,
The second caseis out of the scope of this study. Therefore it is not
included here.

If a force is applied to an element, it tends to slide., But friction
force is resisted up to a definite value of applied force, that value
is equal to maximum static friction force, When force reaches to that
value, element earns a very small velocity so that friction force
instantly drops to a low value which is called kinetic friction force
and motion starts, 'This velocity is also called as threshold velocity,
This phenomena is illustrated in figure 3.15(a). But it is represented
with torque and angular velocity in stead of force and linear velocity.

The analog circult of this model is given in appendix, But it is not
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Fig.3.11 Combined Model of Leadscrew Assemblies.
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Fig.3.12 Combined Non-Linear Model of Leadscrew Assembles.
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Fig.3.13 Linear Models of Feed Drive.
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Fig. 3.14  Non- Linear Models of Feed Drive .

25



used in this study. This model is simplified as shown in figure
3.15(b), It only inocludes the kinetic friction, This model is used
as a friction model in thim study. Analog circuit of it is included

in chapter 4,

1 4

v

@ F——-
@D-
@D

(a) (b)

Figs3.15 Friction Models

3,3,5 Backlash and its Model

Although backlash and its model are out of the scope of this study,
it is included here for the sake of the completeness of the model,
Backlash can be expressed as looseness between mating parts operating
together., 1In a feed drive, backlash includes any looseness in the

bearing mounting, end play of the screw, looseness between screw and
nut, and looseness in the nut mounting., These cause to the limit cyche
‘oscillations because of the impact between two inertias, But, in
many N.C. machine tools, the backlash are reduced to the very small values
(total 0,005 mm or less), This is provided in nut and screw and bearings
with preload. The use of ball - bearing lead screws with two preloaded
ball nuts essentially eliminates backlash between the screw and the nut,
Preloaded double thrust bearings are certainly required on at least one
end of the screw to eliminate the backlash, The model of the backlash
is represented in figure 3,16 which had been taken from Filiz (2).

A represents the logfness,
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5, ei+1
(a)

* Tor que

(b)

Fig. 3.16 Backlash Representation and its Model

3.4 MODEL EQUATIONS

The model equations are developed in this section. They are used
 to construct the analog simulation diagram at the next chapter., The
dynamic equations of mechanical parts for five and two inertia models
are written and motor equations are rearranged., he algebraic equations
of control loops are derived to close the loops,

The normalised block diagram of position control system with unity
feedback is illustrated‘in figure 3,17. Where GLM gives the
relationship between position of the rotor and table as radian, KP and
KV are the position and velocity loop gains respectively., KE represents

the position transducer gain,

The algebraic equations of control loops are written as :

B=A-0, (3.15)

C=3B xp - 91 (3.16)
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V=CK (3.17)

If position loop is oclosed from motor, then ©, is replaced with

2

01 in equation 3,15

The motor equations are rearranged in the following 1

=

vV R B4
-LI-T 8 - (3.18)

Tg is identical with equation 3.4

The lumped inertias in figure 3,13 are combined to obtained the
five inertia model for the double ended assembly, This model is
illustrated infigure 3,18,

KeuT
T
W |-
CnST
KTc KTS1 'KTsz J. D .
VNV —AA— —A\V— ,iLi t
—IE———- TLP——-u— Ti<~ — - Eqm N -qu.__~__
J1 Jz e J3 ch e5
T |

Cr, T Cos; C
j[i’Dm ’-’ElﬂyDbds ) ”‘:—E’Dbu
gL

Fig. 3.18 Five Inertia Model of the Feed Drive
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Where the Jl’ J2, J3, J

4

and J

5

is that

Table 3,1 Inertiasof the Five Inertia Model

1
J_ =

"
i

N

J

J

J

J

J, =J +J
m

c?2

8?2
83

T

cl

+ de

+ Jb&

+J

The equations are

written for each lumped inertia and given in

equation 3,20 in the matrix form,.

J ® =D & + XK @ 4+ T (3.19)
The coefficint matrices are those ¢
Jo=fa 9, 9y 9 (3.20)
-(D +Cp) Core 0 0 0
CTc “(CTC+Dbd+Csl) Csl 0 0
~(C c
D= 0 a1 ( 81+082+CHBT) Cs2 nsT
0 0 c82 ‘(Cs2+Dba) 0
0 0 | 0 -(C. 4D
€ aT (€ o)
(3.21)
Koo Ko 0 0 0
Fre  ~(KpotFpgy) Krem 0 0
K = 0 Kre1 ~(Kpgy *opga?®ern) Koo, Kear
0 0 Kfs2 mxﬁs2 0
0 0 eaT ° “eaT
(3.22)
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=3

- (3.23)

S coc o

The stiffness values of the feed drive components of using machine

tool in chapter 5 are given by (2) as follow 3

Table 3,2 Stiffness Values in the Five Inertia Model

Kpgy = 71708 Nm/rad
Krgp = 119513 Nm/rad
Kpe = 110000 Nm/rad
Kpgp = 1136 Nm/rad

As shown in table 3.%, the stiffnesses of the ball bearing screw and the
coupling are very much higher than the torsional equivalent of axial

stiffness of ball bearing scorew assembly, Therefore first, second, third

and fourth inertias are connidered as rigid, so the model can be reduced

to a two inertia model. Filiz(2) and Ikawa and Mizumuto (3) have represented
the validity of two-inertia model, The Lumped inertias for two inertia

model are given in table 3,3 and the model is illustrated in figure 3,19,

Table 3,3 Inertias of the Two Inertia Model

J, = Jm + Jcl + J02 + de + J81 4 J82 + J83 + Jba

To =y
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Fige3.19 Two Inertia Model of Feed Drive

The equations of two inertia model are those

J =| 9, | (3.24)
-(Dm +C T) ns'T
D= (3+25)
ChsT ~Myp * Coar)
T TeaT Kea.'I‘
K = (3.26)
eal -KeaT
T = T
& (3.27)
0

The non -~ linear equations for non -~ linear two inertia model con-
tain friction torques at motor bearings and between slide and slideway,

Signcﬁ‘é represents the direction of the friection torque. These equations

are expressed as follow 13
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Fige 3.20 Two Inertia Non -~ Linear Model
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CHAPTER 4

ANALOG SIMULATION

4,1 INTRODUCTION |

Analog simulation is a powerful method in theoretical analysis
of systems, The important concepts and tools of analog simulation
are examined in this chapter,

Section 4,2 gives a pummary about analog simulation, Analog
computer components are denoribed in section 4.3, The aim of the
magnitude and time scaling and scaling methods are explain in the
section 4.4, Dynamic equations are scaled and analog computer diagrams

are drawn in the seotion 4.5,

4.2 ANALOG SIMJLATION

similation means to construct a model similar to the real
system so that it approximately includes the behaviour of the system,
Engineers and researchers generally use models to analyse the systems.
If mathematical relationships can be found to represent the behaviour
of the system, these relationships can often be expressed depending on
the rules of mathematics,

An analog computer model can be constructed by using the mat -
hematical model, The model and the real system are described by the
similar mathematical relationships, In analog computers, the measurable
quentities are varying voltages with time although corresponding gquan-
tities of the mimulated system can be displacement, velocity acceler-
ation and etc, These voltapes are easily measured and recorded but to
measure and record variables of real system is not easy. In addition,

non - linearities are easily simulated in analog computer,
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While the behaviour of a system is studied with an analog com-
puter model, the voltages at various point in the model behave similar
to the variables of real system, It is possible to operate the gystem
more slowly or rapidly depending on the time constant of amplifiers,
Megnitude scaling is necessary when the physical limitations of the
simulator prevent to give similar value for both system variables and
analog computer outputs, The results of simulation are generally

displayed on an oscilloscope or ona X - Y recorder,

4.3 ANALOG COMPUTER

The analog computer is basically a collection of electronic parts
which are operational amplifiers capacitors, resistors, potentiometers and
some logic circuitm, The combination of these parts gives various elements

of analog computer,

The capacity of an analog computer depends on the number of
operational amplifiers., Operational amplifier can be used as an inverter,
summer or integrator depending on the feedback net work (element) which
is either capacitor or resistor, If the feedback element is a resistor,
then amplifier operates as a summer, If input and feedback resistors are
identical it operates as an inverter, When the feedback element - is a
capacitor, Then operational amplifier operates as an integrator. The

schematic representation of these cases are illustrated in figures 4,1 - 4.4

R
R
& ""“‘én € p——== B, =B,

Fige 4.1 An Analog Inverter
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The gain of the amplifiers is calculated from the proportion of
the feedback element to the input resistor. In addition, an operational

amplifier always changes the sign of input signals,

4.4 VAGNITUDE AND TIME SCALING

There are two kinds of scaling in analog computer work, time
scaling and amplitude scaling. The necessity of the scaling arises to
fit the limitations of the computer and associated recording equipment

due to the requirement of the simulation system,

4,4,1 Time Scaling

Time measurements of the pysical systems would be in terms of
micro seconds or days. If the trajectory of a bullet is studied,
the time of flight will be a small fraction of a second., Whereas the
time of a chemical reaction can be several days. But there are very
definite limitations on the length of time about computer solution,
These limitations influence the choice of time scale, These are the
speed of the computer components and the recording aparatus, uncontrolled
changes in the machine variables and the economic requirements. The
speed of the computer components refers to the ability of a computing
component to follow rapid changes in its input.,

Considering these factors, an adequate time scale factors is
chosen. So the solution time can be decreased or increased., The product
of time scale factor and real time is equal to compute time, This

relationship is expressed as :

Z‘ = net (4.])
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where 3

T : Compute time
t : Real time

n ¢ Time scale factor

There are two different methods for the time scaling, One of
them is to change the time scale of the model, In this method, all time
terms are replaced by 7 /n. With this method, the initial conditions
as well as the equations must be transformed. The other one is to
change the values of RC or gains of amplifiers, So computer can
operate faster or slower, The second method is generally more
powerful than the first method., However there is a limitation in this
method, If the amplifiers do not have capacity for sufficient gain then
large time scale factor can not be applied, In this study we are going

to use the first method. It is simply illustrated in a differential

equation as follow :

2
9—-’2‘?-+A X L - Pt)
dt dt

If t is replaced by Zf/n, then the differential equation is expressed

as @
2 d2x dx T

n~ == 4+An = 4+ Bx = F( )
az? aT n

Where the variables are the computer variable, The relationship between

computer variables and equation variables are given as :

x (T) = x(t)
x (T) = i'i(t)
X (7) = f’d‘ ¥(t)

Where the subscribt ¢ means computer,

The magnitudes of the initial conditions and the maximum values for
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variables and their derivatives change with time scale factor, but the

resultant values on the potentiometer do not change.

The estimation of the time scale factor can be done in different.

ways. These methods are explained by Jackson (11) and Rajaraman (12).

Mha eimmlact wav ia siven hv Raiaraman (12). This method is used in

1- The ratio of the coefficents of the lowest and highest
order derivatives of the given differential equation is found. This

.. 2
ratio 1is Wh o Wh is the undamped natural frequency.

2
2—- If this ratio Wn lies between 1 and 10 +the equation
2
does not require time scaling. If Wn is outside this range then
transform the independent variable t +to a variable

Tby t =Zf/n. The time scale factor n is chosen +o make the ratio

2
wh in that range,
3~ The transformed equation is now sclv ed with the new independent

variable .
4~ The transformation +t ==Z/n should be applied whenever the

variable t appears in the original equation, In particular, all initial

conditions and the inputs should be transform,

ole2 itude Scali

Magnitude or amplitude scaling is done to prevent the exceeding
of the reference voltage of amplifiers,
There are two different methods for magnitude scaling, These are

the normalized variables method and scale factors with dimensional units.

These are explained as follows,.

The variables of the equation are ﬁefined a8 the ratio of the
equation prime variable to the expected maximum value, These new
variables are called scaled variable, If the variables of the system
equations are substituted with scaled variables, new equation is called

as scaled equations and maximum values are called as scale factor, DBut

39



to keep the system identical each variable is multiplied with its

expected maximum value., Reference voltage of the computer is

accepted as a unit voltage, The output of the amplifier is multiplied
. reference voltage and the real voltage is obtained.

The second method has the same procedure the only difference is,
the scale factor is derived from ratio of reference voltage to the
expected maximum value., So that the output of the amplifier directly
gives real voltage,

The application of these methods to the system equations is

explained by a step by step procedure as follows :

1- An unscaled diagram of the system equations are drawn. It i
‘is proper tp put a potentiometer in every operational amplifier input.

2- The expected maximum values of all system variables and
their derivatives are estimated. While the maximums are estimated,
thelknowledge about system for a well initiation can be used.

3- The scale factor using the maximums according to the
using method is calculated

4- The scale factors are applied to each.related variable
and scaled equations are written by using system equations.

5- The block diagram are drawn by using the scaled equations
and the potentiometers and the gain of amplifiers are adjusted.

6— The block diagram is patched on the computer,

7- The checking procedure is applied to prevent the various

errors.,
d.4,3 Estimation of Maximum Values

Maximum values of the physical variables are necessary to scale
the equations, There are a few approaches to obtain the maximum values,
One of them is to find the maximms by using the analytic solution of differential
equations, This method is generally applied to second order differential
equations., And the other method is called equal coefficient rule. In
fact, exact values for maximums are not necessary., The aim of estima-

tion is essentially to get a starting value, A table was given to des-
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cribe the maximum values by Rajaraman (12) for the first method.

h
The second method is explained by a linear nt order differential

equation as follows :

dnx dn-lx dx
an d‘tn n-1 -1 + oooooooo+a1 at + aox F(t) (4.2)

The equal coefficient rule is explained by a step by step

procedure as followss

1- Each term of differential equation is normalised by

following constants.

n n-1
d x d x ax
( n ) max ’ ( n-1 ) max,ootooo ’ ( — )maJC ’ xmax such that
dt dt dt
dnx
a ™™= . eesees § A X , 8X and nonhomogenous part are nearly
n n 1m
dt
equal.

o Tnitial conditions are normalised by using the normalising
constants determined in the previous step. If the magnitudes of
scaled variables are less than unity, the above operation is repeated

and it is applied to the initial conditions,

3- The sequence of normalizing constant must be a monotonically
increasing or decreasing sequence, If they don't form such a sequence
modify the values of the pertinent constants to ensure monotonically.

4~ These constants are used to normalised the equations.

When system has a forcing function, aoxm ig double the magnitude

of the other coefficient,

A simple example to represent the Equal Coefficient Rule.
Example 13
10 X + 40 x +100 x = 0
x(0) = 12 x (0) =5 x (0) = 0.5

X+4x+10x=0
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X x X
Pl .:.._10_--.=0
Xm X + 4 m X ¥ xm b d
m m m

x =1 X = 2,5 x = 10
m m m

Step 2t

Normalise the initial ocondition

x
m

x (0 12 x (O
x(0) _ sy, 5{..).,,0

Change im to make this normalised value less than or equal to 1

Step Js

Arranpe Lhe maximum values increasing the im to 12,

m m m

Step 4 3

Put the numerical values of maximum to the normalized equation in
step 1

x x x
12 12 + 2(205) 2.5 + 10x1 X 1 =0
'3-(9”2.=.1_.2.___ 1 Z:—(.(.)).,-Q-.BO -x-(-Q-LBQ-!igo.s
12 12 24! 245 1 1
There s other approach to the scaling problem apart

from theseclassic ways, 'This approach is explained by Auslender(18),In

this method, equations are written in state - variable format, Coefficient
matrix is rearranged providing with scaling constant for time and state
variables., All the coefficients are required to be as close to one
as possible, The diagonal terms of rearranged matrix are the inversed

time scale factor and characteristics terms of dynamic system, So
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scaling starts by selection of kt and then diagonal terms are
required straddle unity as evenly as possible. An important feature
of this method is that no assumptions have yet been made concerning
maximum values of any of the variables, or the type of computing
equipment to be used. '

The matrix of inputs is also re-arranged on the basis of the
known maximum values of the inputs, scaling constants of time and
state variables. The ratios of maximum values of inputs and
state variables are chosen to obtain the values of terms as close
to one as possible., So the state variable scaling coefficients
should then be checked to make sure that none of the initial
conditions causes an overlead. In the mean time if there is some
a priori knowledge of maximum values, this knowledge can be used
to good advantage. This method is used to check the verification
of time and magnitude scaling in this study. This scaling method

is illustareted with following example,

Example 2

A linear system equations are given in state vector form. And

the coefficients of state variables are given in matrix form,

dx

E;* = Ax + BU
where
il 500 20000 B = 0
- 300 -600 1

Now two new matrices are defined for scaling. These contain all the

scaling constants,
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, K2
. - K.« 500 . L 20000( E; )

- K. 300( -I;; ) - K 600

0

B = K

(. 12

2

Where Kt is the inverse of time scaling constant K1 and K2 are the
maximums of variables and Kul is the maximum of input variable .

Now try to put the diagonal elements in the 0.1 - 10 range,

If K, is chosen.as 0,001, the diagonal elements fall in this range.

t
K
* - 0.5 20 Eg
A= K1 1
- 0.3 -IZ'” - 0'6
2
K2
It E* = 0,2. then all of the elements fall in to the 0.1 and 1 range.
1
A* - - 0,5 4

-11,5 - 0,6

B is also determined in the same way

Bi 0
0.001 ( Ky
K
2
where, if 2% - 1000
K
2
¥ |0
sz
1

At this point, the maximum values of any of the variables or the computer
voltage range are required, If umax = 2000 and reference voltage of

computer is 10, then

2000
T 1 . o 2
X 10 and Kul 00

ul
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So K2 = 0.2 and K1 =1 , The scaling is now complete,

If the set of the scaling constants doesnotfall into the 0.1 +to
1.0 range, this generally means that the problem has been peoorly for-
mulated end it means that some parts of model respond very rapidly

while the others have very slowly response character,

4.5 SCALED FEQUATIONS AND BIOCK DIAGRAM FOR THE FEED DRIVE M)DEL

In this sectoon, secaled equations and the block diagrams of the
five and two inertia models are given, These are done on the basis
of the section 3.4,

The equation 3,16 1is expressed for the scaled equation as follows:

k]

. 0 .

8.12 m & 1Kkm @,171 1

B nyJg o 6 'W2 78 6 nlg B reer (4.3)
m m m m m m

and coefficient matrices are given as follows :

+C . c a)
Pn*Cre)  ®1m Te om 0 0 0
. .O.
I ®1m N 1m
; C_ 4D 4C ., 6 )
re G (02 *%e) Oom Zs1 Dam 0 0
. 0 hatd .. .O'
J2 g2m J2 sz J2 2m
C a) C _4C _4C 0 ¢ o ¢ 6
0 -8l 2m (Y81 g2 ner) 3m 82 4m nsT _5m
0 N [ J. 9 J. ©
Ty O b am 3 %m I3 O
C 3 ¢ _4D :
0 0 82 “im s2"%a  4n 0
J (4] B s
4 qm 4 4m _
)
; (¢ . .
0 0 nsT 3m 0 ( nsT*Dtﬁwzz
J. . B g [
5 e Q5m 5 5"
(4.4)
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X ) K o
i Am -l ,2m 0
J
1 1m J1 O1m
) 6 o
o P (Frotgy) Oop Kre1 3m
. .. - -g' . ¢
1 12 g2m J2 2m J2 O2m
n
. K K XK 6. K _@
T o crel cem (e reoeam Pan Frep Ogn
J, © - J 2 s
3 3m 3 3m
K 6 o
0 0 Te2 _3m KTSZ 4m
J .g- - .
4 4m
0 0 ~gal_ 3m
J [] Q
5 5
=L
Jg, "%
T ~1 1 lm
1A T2
JB, n Y
0
0
0

(4.6)

In the same way, the coefficient matrices of the two inertia model are obtained

as follows ¢

D 4C o) C )

) ~ ( m 'nsT ) 1m _nsT 2m
0B, 1 o0 L i ° 8
B c e (D, #C ) ©

8, N nsT im tT ‘nsT om

J2 é2m J2 2m
(8] (a}
et 1 Lear %
J. * @ J. °
KO 1 1 Im 1 Im
lzJén1 n2 X o - o
eaT A eal 2
J ° 0 - o)
2 me J? 2m
T

T 1 B

‘ZJém n? J'l@lm
0
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Sealed loop equations and d.c. motor equations are given in
b

equations 4,10 - 4,14

=}
2
B=A-0, (=) (4.10)
2m
él
C=BK -~n @ e ) (4.11)
p Im Olm
V=20Co K (4.12)
¢ K..0 o
. . ( - 2 - -..1-3:.....1-@. e ydT (4.13)
T n.LI  nL I L, I ) *
m m m m Im
(9]
T =K ., T s (4.14)
g KT m Im

The analog computer diagrams are drawn according to these equation,
Analog computer diagrams of five inertia model and two inertia model are
illustrated in figures 4,5 and 4.6,

The inductance of dec motor has a very smnall value, Therefore, the
equation 3.5 are replaced by 4,15 and the scaled form of this equation,

4413, are replaced by 4,16, These are given as follows 3

V-K .0
B 1
I = - (4.15)
5 )
R A e ( - ) (4.16)
I R R I ) *
m Im m Im

The analog computer diagram of two inertia model without motor

inductances is shown in figure 4.7.

The scaled coefficiént matrices of non -~ linear two inertia model

are written as follows ¢
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D8, 1
nJg,_ n
Ke,_ 1
n2J8,, o’
T 1
e, o

m neT im
J * 0
1 Im
o
nsl im
J 8
2 2m
8}
eal  1m
, 2}
Jl Im
X a}
J2 gam
T
mmwﬁam
J1 Im
0

nst gﬁﬂ
J 0
1 Im
(4.17)
M|
_ JhsT tT 2m
J * 8
O2m
0
eaT wgm
J o]
1 Im
(4.18)
K (o)
-eal ~2m
J. 92m
T
_sigmd, T8
ten =y 1 1m
(1.19)
T
- Sign © -

The analog computer diagram of two inertia non -~ linear model without

motor inductance effect is illustrated in figure 4.8,

While the analog computer diagram is constructed, the maximum values

of all positionsare assumed as equal to each other., According to the

relevant

figures, the symbolic representation of potentiometers in the

analog computer diagrams of two and five inertia models are given in

tables 4.1, 4.2, 4,3, and 4.4.
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Table 4.1 Symbolic Representation of Potentiometers For Figure 4.5
Pot No Sym. Rep. Pot No Sym.Rep. Pot No Sym.Rep.
: 1 ” (CTC+Dbd+CS1)E%“ . Cszeg_m_
KE'em n.J, 92m ' n‘JA‘eAm
5 KP ?& 15 ?Zm 27 (C52+Dbu)”el.m
n.8e,. SP nAJL‘GLm
K. 8 6 S)
3 L 16 2m 28 S
n. L. ]m eZm eLm
R K.., 8 8
L 3 17 L 29 ek
n. L n,Jz. GZm em
5 KT Im 18 KTs‘l83m 30 C-sz-eLm
‘J1 e1m n. J3'93m n. J3A83rn
6 ?1m 19 Cs1 ' 8?.m 31 Cnsﬁil
e1m n 'Jz'ezm n'Js‘esm
7 91m 20 Cs1 ‘e“3m 37 CnsT'GSHm
O1im n.J,.8, n.Js. 85,
8 (CTc*Dm)e1m 21 (Cs1+C52+CnST)e3m 13 (CnsT+DtT)'85m
n.J1.81m n.J3.83m n. JS.BSm
9 KB'e1m 22 KT5293m 3L 6Sm
ntL.I_ n? .6 6
3 "3m Sm
10 KTc 81m 23 KTs2el-m 3 85m
258 7 & 5
N2y Ym n ‘Jz.'el.m Osm
1 5 Tc elz.m 24 ?Jm 36 feuT'e?m
n.J.e,. B13m n.J.. 0.
12 CTc im 25 e3m 37 I'<e<JTe3m
— 3 -
n. J2 82m 93m - ne. J3.83m
C. .o
13 e 2m
n.J.8
1 m
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Table 4,2 Symbolic Representation of Potentiometers For Figure 4.6

Pot No Sym Rep. Pot No Sym Rep.
1 ! 9 KeuT 91m
2 s
Ke- 8, n"J, 8,
2 Kp'e1m 10 euT'GZm
R T
n.o, n’. J2.92m
3 Kv'elm " 2m
2 p
n. LT 82m
4 KT Im 1?2 DtT'GZm
J191m n'Jz'ezm
5 Oim 13 L
e1m e2m
5 Drn'e1m 14 CnsT‘ 2m
n'J1'91m n‘J1'91m
7 KB‘e1m 15 CnsT‘GZrn
noL.l nJ.8,.
6
8 m 16 R
Om n L
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Table 4.3

Symbolic

Representation of Potentiometers For Figure 4.7

Pot No Sym Rep. Pot No Sym Rep.
] 1 . KC(JT_'GZm
KE e1m nz J1'e’m
S LS T
. > ”
n .81m n® J 81m
3 KLY 1 Oam
R 'n']m ezm
A KT ]m 12 DtT e2m
J1 81 n "JZ e?m
5 .e1m 13 _ eZm
e,m 82m
; Dm e1m ” CnST SP
nJ, 6, nJ,8,.
7 KBJ' 81m 15 CnsT'e1m
n R Irn n.JZ.BZm
8 O
e1m
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Table 4.4 Symbolic Representation of Potentiometers For Figure 4.8

Pot No Sym Rep. Pot No Sym Rep.
1 L 10 K;“ Oim
KE e1m n 'J1 e1m
) S]
2 Kp,?l 1M m
n'e’m eZm
3 K e'lm 12 .D't e?m
n’ L1 nJ,. 8,
K .1 8
L T il 13 im
‘J191m eZm
5 e‘fﬂ 1 CnsT'92m
9, n.JZBZm
5 (Dm+cnsT)'e1m 15 nsT  1m
n J1 81m n_Jz 92
Ks'em Tfm
7 > 16 ——
n“L.1, nJ18 10
eIm Tfs
8 17 PR
Bim n“J 8,10
KeqT'e2m
g 2 -
n .J1.81m
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CHAPTER 5

EVALUATION OF DYNAMIC PERFORMANCE

51 INTRODUCTION

The aim of this chaplter is to illustrate the approach developed
in this thesis on the evaluation of the dynamic performance of a feed
drive system of a machine fool,

The set - up used in analog simulation is presented in section
52, In section 5,3, +the effects of parameter variation on the
dynamio performance is illuntrated with a realistic example chosen

from a machine tool available in the market.,

5.2 EXPERIMENTAL, SET - UP

The experimental set - up consists of a readout equipment which
is an oscilloscope and two analog computers as shown in figure 5.1,

Computers are a Comdyna product,' GP-6 , FEach one of these has
8 petentiometers, 4 integrators which can be used as summer or inverter,
2 summers which can be used as inverter, 2 inverters 2 multipliers,
Reference voitage of the computer is 10 voltage. Computers can be
used with both oscilloscope and X - Y plotter. If an oscilloscope is
used as an readout equipment the repetilive operation is available, but
if a X -~ Y recorder is used for this purpose then computer is operated
with three available mode which are normal initial condition mode, hold
operation mode and normal operate mode,

If the computer opernles at repetitive operation, cumputer time is
used to adjust the solution Lime but at the slow time operation, program

time and computer time are the same, Repetitive operation operates 400
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time quicker than slow time operation.

The amplifiers of computer are connected to the readout equipment
from rear terminal as y output for both computer and readout equipment.
X output of comuputer is connected to the readout equipment as an
absisa., The output of amplifier can be read with oscilloscope or digital
voltmeter of computer. When the outputs exceed the reference voltage,
an amplifier overload indicator which is a lamp operates so precautions
are applied.

The capacity of the computers can be increased by slaving two
computers. This can be done by removing the shorting connector of op
output and op input at the rear terminal of the computer which is to
slave and connecting the op output of the computerwhich is to be master
to the op input terminal of the computer that is to be slave., The
integrator mode control of the master will -then control the integrators
of the slave., In this study, computers are used as a single operating
unit as explained above,

GP-6 o0an be used to solve linear, non - linear differential
equations or partial differential equations and for transfer function
simulation., Some non - linear function can be obtained using the limiter,
dead space, diod, potentiometers and function switches,

An external logic level are compatible with the computer's mode
control, integrators may be controlled by removing the shorting connector
between op output to op input. In addition GP - 6 can operate with

a digital computer as a hybrid system,

The recording equipment is an oscilloscope of type Tektronix 5403,

53 ILLUSTRATIVE EXAMPLE

5.3,1 Setting up the Example

The feed drive for the 2z - axis of a three axis nc lathe is
chosen as an example. The configuration of the axis is given in figure

5.2, It is a direct drive which consists of a dc servomotor, a coupling,
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a ball - screw nut transmisson and a plain slideway system. In this
example, ball bearing sorew assembly is of single ended type.

The inductance of dc motor and material damping coefficient
of nut - screw assembly are neglected, The rest of the parameters
specified in figure 3,19 are given in table 5,1 for this example,

In addition all inertins of model components are given in table 5.2,

Table 5.1 Parameter Values

A s d = ° V
K p= 1136 Nm/rad , Ky = 0.75 /rad/sec
Jy = 0.02466 kp-m" R = 0,56 ohm
g
T, = 040006332 kp-m Ky = 796 Pulse/rad
D = 0.0015 Nn/rad/sec K =20
- 1 =
Doy = 0.045 Nm/rad/sec K, = 500
K, = 0.75 Nm/amp P = 10 mm/rev
M = 0.1
Table 5.2 Inertias of the Components
] =il p)
Jm m 0,015 kg-m JS = 0,5775x10 = kg-m
2 - ,
v ™ 0,00245 kg-m Jba = 0,3617x10 4 kg-m
? 2
J, = 0.0014 ke-m Jy = 0.0006332 kg-m

5¢3.2 Analog Simulation

If table 5.1 is examined, it is seen that the natural frequency
of system is considerably high, Therefore time scale factor is selected
as 150. So the system is sufficiently slowed down. This selection
is done according to the method exlained in chaﬁter 4 by taking the
characteristics of this particular system into account.

The maximum values of the variables are estimated by using the

method described in the previous chapter., For the results which will
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be presented in the next section, maximum values of the variables are

given in table 5.3

Table 5.3 Fstimated Maximum Values

e = 0,1 rad e = 0,1 rad
Im 2m
O, =01 rml/n;zc 0, = 1,8 rad/secg:
£ 22 |
6, =1 rad/nec o, = 18 rad/sec
I = 0,1 amp
n

Potentiometer assignment referring to figures 5.3 and 5.4 are calculated
by using these maximums and their values are given in table 5¢4+ The time
scale factor and the maximums of the variables are verified by using the
method which is described in section 4.4.3. In this study, friction

at motor bearings is not included because of the limited capacity of the
computers, Therefore the value of potentiometer 14 is assumed as zero.
In addition while the analog computer diagrams are drawn, glm and ng
are considered to be equal to each other. And diagrams are drawn based

on this assumption,

Analog computer diagram is patched to the computer and potentiometers
are set by using table 5.4,

The input to the system is of step type and the position responses
of the motor and the table nre given in Figure 5.,5. To examine the changes
in the responses to a parameter variation, it is assumed that all the
rest of the parameters have their original values.,

Equivalent axial stiffness, inertia of the table, damping coefficient
of the table, friction between table and slideway, velocity and position
loop gains are varied and the results due to these variations are given
in the following

a) Influence of the equivalent Axial Stiffness

When the equivalent axial stiffness, Kea’ is #ncreased, the

effect of damping in the system reduces as shown in figure 5.8. In fact,

if the stiffness is increased to a higher value, the system becomes
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Table 5.4 Values of the Potentiometers

Pot No Sym Rep Num Values | Pot No Sym Rep Num Values
L KCGTeZm
1 1 - 0.200
< 0.0125 9 B,
KP e1m KeuT e1m
2 , 0133 10 Pa— 0. 45
n.e n“J B8
m 2 2m
K. 8 8
3 L 0.59 x 10 1 am 1x10
nRI_ S 2m
K1 D, ¢
L L_m 0.304 x 10 12 1 _2m 0.050
J1 O1m rszezm
é"m QZm
5 1 x10 13 0.18%x100
im 2m
D B8 T (Coulomb)
6 L ~0 1 RA. 0.0036
n'J161m n J1 e1m
KB 91m Tfs(Cdﬂomb)
7 —»——R 7 0.010 15 5 - 0.0183
n
m n J292m
8 O 1
B8
Tm
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unstable as shown in figures 5.6 and 5,7,

While equivalent axial stiffness is reduced to a definite value
the positioning accuracy is still kept in spite of roughnesssof motion
(see figure 5.,9), But the accuracy of positioning and the smoothness
of motion are reduced at very low stiffness values as shown in figures
510 and 5,11,

b) Influence of the Inertia of the Slide .

If the slide inertia isn increased, the smoothness of the motion
and the positioning accuracy are reduced as shown in figures 5,13 and
5¢14. If the slide inertia is increased to a 3J2, the positioning
of table will become impos#ible because of limit cycle which is not
required (see figure 5.12).

But while the slide inertia of table is decreased, it does not exert
any influence on the performance of the system (see figures 5.15 and
5.16) because the capacity of actuator is enough to move the table and
tooling.

c) Influence of Damping Coefficient

When the damping coefficient is increased, more wuniform motion
is obtained as shown in figures 5.17 - 5,19, But when it is reduced to
lower values the system becomes unstable and positioning will be impossible
as illustrated in figures 5,20 and 5621,

d) Influence of Position and Velocity loop gains.

The multiplication of position loop gain, Kp y and velocity loop
gain, K; s must be higher than deadband to overcome the frictional
torques in feed drive components when the minimum motion is called for,
Because of this, the product of Kp and K& is held as constant, So
the Kﬁ and Kv are varied depending on this constraint.,

According to the above explainations, when the position loop gain
is decreased and velocity loop given is increased proportionally, a soft
servo system is obtained, As a result of this, the system slows down
and if Kp is reduced an Kv is increased by 4 then system does

not reaches its steady state value (see figures 5,22 - 5.24).
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If Kﬁ is increaserl and Kv is decreased proportionally, a hard
servo is obtained, In this case, system becomes very fast (see figures
5.25 and 5,26), If Kb in increased to much higher values then
overshopt can be seen, Figure 5,27 represents the transient of this
phenomena,

e) Influence of the Friction

The friction torque at bable adversely effects the smoothness of
motion and positioning accuracy and. the steady state value of motor
shaft position decreasmes from this reason., These cases are illustrated

in fig'ul'e 5.28 - 50300

Q
01
Motor Shaft
Position -
(rad)
0.0t
S
012
Slide
Position -
(rad)
0.0k
l ] 1 1 1 | 1 ] 1 ] ]
0.0 0.3 i 0.6
Time
(SEC)

Fig .5.5System Response at Original Parameter Values.
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Time
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CHAPTER 6

DISCUSSION AND CONCLUSION

6.1 DISCUSSION

The work reported in the previous chapters has covered the
modelling of the feed drive system, basic principles of analog
similation and the application of analog simulation for the
evaluation of the dynamic performance of the feed drive systems,

Before drawing the final conclusions from this study, it is
preferred to discuss the results presented in the previous chapter.
Firstly the similar effects of the parameters on the dynamic per -
formance are to be discussed., These are summarized as follows

- Increasing the egquivalent axial stiffness, has the similar
effect as decreasing the damping coefficient of the table,

— Decreasing the equivalent axiall stiffness has the similar
effect as increasing the equivalent table inertia.

— Decreasing the equivalent table inertia has the similar
effect as increasing the damping coefficient,

~ Increasing the friction between table and slideway deteriorates
the positioning accuracy of the table,

- Increasing position loop gain Kp , makes the system faster,
but increasing velocity loop gain, Kv , 8Slows down the response,

In nc machine tools, feed drive systems are required to have high
performance, That is the system has %o have high accelaration and
accurate positioning capabilities, Sytem parameters (size of the com-
ponents) therefore have to be determined to satisfy these requirements,

As noticed to the responses (figures 5.5 - 5,30) the system

response becomes better when :
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a) Stiffness increases up to a certain limit - )

b) Inertia decreases

c) damping inceases

If we oonsider (a) and (b); we see that they are conflicting
each other, Fquivalent axial stiffness is made up of the stiffness
v of ball bearing sorew,éerew ~ nut connection, bearings and nut - table
connection, Increasing equivalent axial stiffness implies an inarease
in the stiffness of each component, The stiffness of ball screw is
proportional to the square of the diameter., To increasé the stiffness,
diameter has to be increased, But increase in stiffness will result. in
a larger increase in inertia since it is proportional to the fourth
power of diameter., So load on the motor increases, But, in two
inertia model, the inertias of the motor, coupling, bearing and ball
bearing screw are lumped at motor side and table and
tooling are lumped at the other side as a load, Therefore, if the
equivalent axial stifness is increased by way of increasing the diameter
of ball bearing screw, the inertia of the motor side increases. This
means that the load inertia/motor inertia ratio decreases,

If the equivalent axial stifness is increased by an increase in
screw ~ nut connection, this can be done either by using different nut
or by increasing the amount of preload between nut and the ball screw.
Keeping in mind that it will also increase the friction torque which
will consequently result in large lost motion and also affect the size
of dc motor,

In addition if the torsional equivalent of axial stiffness is
increased by way of lead of the ball bearing screw, then equivalent
table inertia also increases, An increase in table inertia adversely
affets the system performance,

These are the conflicting points and the designer has to find a
compromise between them,

The other important point is analog simulation of the system,
Analog simulation is an effective way for dynamic analysis but it has

~gsome problems about scaling. In this study, because of the characteristic
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of modelling, the most big part of inertias is lumped at motor side -
for two inertia model, FEquivalent inertia is much lower than the other
inertias (approximately 1/40) as shown in table 5,1, This big ratio
creates an important problem on scaling, If five - inertia model are
analysed by using analog computer, then very high stiffnesses of ball
bearing screw and coupling (approximately 100 KeaT) cause much more
difficulties on time and magnitude scaling, In addition the limitqd

capacity of the analog computer, GP-6, is another point of the

difficulties in this study,

6.2 UONCLUSTON

1~ The work of modelling of the feed drive system is more
organized to analyse the system,

2- Friction is modelled and included to the model as a non-
linear effect,

3~ The system equations are adapted to analog computer for
simulation. For this purpose, time and magnitude scaling are
applied td the equations and analog computer diagrams are prepared,

4~ The effects of the system parameters on the dynamic performance
are demonstrated by using the analog simulation, The conflictions
between parameter variations are explained to help the designer,

5- It is indicated that the two-inertia model is enough for

almost of the practical uses,
6.3 SUGGESTIONS FOR FUTURE WORK

Evalvation of dynamioc performance of feed drive can be developed
by considering the following suggestions 3

1- A gear box can be used as coupling unit in stead of a coupling,

2- Five inertia model can be used to evaluate the system per-
formance in a large capacity analog computer and results can be compared

with two-inertia model.,

3~ PFriction model included the static and kinetic frlctlon can be added
to the system model using the analog cirecuit given in appendix of thisg model,
4~ Backlash can also be added to approach to real system,
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APPENDIX

An analog circuit for a friction model which includes the

static and kinetic friction is suggested by Parnaby (25) as follows :
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FMige A A Friction Model and its Analog Circuit
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