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Figure (£.10) Typleal stepper performance curve
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Figare (5,11 Typleal servomator performance curve

Some of the important questions o designer may need to consider when choosing:-
amotor for an application include: the following:

m Molor starting forgue and molor acceferation

The torque at zero speed, called the starting torgue, 15 the orque the motor can
delivar when rotation begins, For the system 1o be self-starting. the motor must
generote torgque sufficient to overcome frichiom and any load torques. The aceeleration
of the motwr and load & any mstnt s given by:
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Where @ is the angular accelertion in rad/sec?; Ty 15 the torque produced by the

a=

motor; Ty, 15 the torque dissipated by the load;[i the total polar moment of inertia of
the motor rotor and the losd. The differénce berween motor and load torgues
determines the secelerution of the system. When the motor torque s equal to the Toad
torgue, the system is at o steady state operuting speed.

= Madmurm speed

The zero tongue point on the torque-speed curve defermines the maximum speed
@ motor ean reach. Note that the motor cannot deliver any torque to the load at this
speed, When the motor 15 loaded. the maximum no-load speed cannot be achieved.

= Opersting duty cyole

When a motor is not operated continuously, one must consider the operating
evele of thesystem. The duty eyele 1s defined us the mtio of the time the motor 15 on
with respect to the total elopsed time, 15 o load reguires o low duty evele, o lower-
power motor may be selected that cian operate above rated levels but still perform
adeguately without overheating during repeated on-off eveles.

» Load power regliement

The power mating is a very important specification for a motor. Knowing the
power requirements of the load, 4 designer should choose s motor with adegquate
power based on the duty cycle.

m  Fower soue

Whether the mpior is AC or DC might be a eritical decision. Also, if battery
power 1s o be used, the battery charnetenisties must mateh the foad requirements.

m Loadineria

As the Equation of meceleration a implies, for fast dyvnamic response, it is

desirable 1o have low motor rotor and load inertia |.When the load inertin is large, the
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only wav w0 schieve high sceeleration is 10 size the motor so it can produce much

lurger torgues than the load requires,

m  Constant speed fo dive load
The simplest method (o achieve constint spead is 1o select an AC synchronous
miiar or 8 DC shunt motor which runs at a relatively constant speed over a significant

range of load torques.

m Accurate posiion or speed controd requined

In the cuses of angular positioning at disgrete locations and imcremental motion, a
stepper mator i5 8 good choice, A stepper motor 15 easily rotated 1o and held at
discrete positions, It also ean rotate at o wide range of speeds by controlling the step
ritle. The stepper motor can be operated with open-loop control, where no sensor
feedback is réguired. However, if vou attempt to drive a stepper motor gl o6 fast o
step rate or i the load torque i5 too lnrge, the stepper motor may slip and not execute
the number of steps expected. Therefore, 4 feedback sensor such 85 an encoder might
be mcluded with a stepper motor to check iF the motor has achieved the desired
mation,

For some complex motion requirements, where precise positon or speed profiles
are reguired (for example i batosmation applications where machings need W perform
prescribed programmed motion), a servomotor may be the best chidice, A servomotor
is 2 DC, AC, or brushless DC motor combined with o position sensing device (digital
encoder). The servomotor is driven by a programmable controller that processes the
sensor input and generates amplified voltges and currents 1o the motor 1o achieve
specthied motion, profiles. This is called closed-loop control, since it includes sensor
feedback. A servomotor s typically more expensive than o stepper maotor. but it can
have o mueh faster response:

w Transmssonand gearbox

Often londs require low speeds and lorge torgues. Since motors usually Have
better performance at high speed and low torque, a speed-reducing transmission (gear
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box or belt drive) is often needed to mateh the motor outpat W the load requirements,

The lerm gear mator is used lo refer to o motor-gearbox jssembly sold us o single

package. When a transmission is used, the effective inertia of the load is:

ihiomn ):

mﬂ‘tﬂfﬂf

legyr = ]I:md(

whene | ¢ 18 the efféctive polor moment of inertia of the load as seen by the motor. The

sum af this inertip and the motor rotor mertis can be used in the Equation tocalculme

accelerationa. The speed ratio (—=2

g T

) i cutled the gear ratto of the transmission. 10 18

often specified as a rano of two numbers, where one or both numbers are: integers
(which is always the case when using meshing gears, which have integer numbers of
teeth). S0 u gear ttio i3 sometimes written (V. M), which can be read as: N to'M gear
reduction. This means N turns of the motor are required to create M turns of the load,
50 for an N:M gear ratio, the speeds are related by
g = (M N s

»  Motorforgue-speed curve and the ioad

IT the load has n well-defined torque-speed relation. called a load line. 1t 15 wise
o setect a motor with o similar worque-speed charctenste. IF this s the case. the
motor torque can inatch the load torgue over o lurge range of speeds, and the speed
can be controlled easily by making small chianges in voltage to the motor,

n Cpemating speed for a known molor forgue-speed cunve and load fing

As shown in Figure (5.12), a given mator torque-speed curve and u well-defined
load line, the system seitles at a fixed speed opermiing point. Furthermore, the
operating point is sel-reguliting. At lower speeds, the motor torque exceeds the load
torque and the system accelerates toward the operating point. but at higher speeds, the
load torque exceeds the motor torgue, reducing the:speed toward the operating point,
The operating speed can be setively changed by adjusting the voltage supplied to the
motor, which in tum chunges the torgue-speid characteristic of the motdr,

m Moforevess
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Some motors are oot reversible due o then constraetion and control electromes,
and care must be exercised when selecting & motor for an application that requires
rotation in two directions,

= Size and weight restrictions

Motors can be large and heavy, and designers need (o be aware of this carly in
the design phase.

Lopropues I. nETamng
TR sbikfiE

ofreriiting ipe=il
yred
Figure (5.12).Mator aperating speed

4.3. GENEVA DRIVE

The Geneva drive is a gear mechamism that translates o continuous rotation into
un intermittent rotary motion, The motating drve wheel hus & pin that renches mto a
glot of the dnven wheel advancing it by one step. The drive wheel alsg has a mised
eircular blocking dise that locks the driven wheel in position beiween sieps:.

A geneva mechanism is used to drive an indexing table intermittently. The drive
mechanism is shown in Figures (5.13a, 5.13b and 5.14) of an indexing wble. Note that
there are two wheels: a driver and the driven indexing table. The actual driving force
is delivered by a pin on the driver which slides in an arc-shaped slot in the driven
indexing table. The driver mtates continuously, imparting motion to the table while
passing- through angle B of its motion (Figore (5.15)), During the remainder of the
revalution of the driver, the driven indexing tble s nt rest. This at-rest {or dwell)
period s the tme during which work 15 sccomplished ot each work station of the
indexing tahle.
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Frgure (5.1 38). Geneva mechanism

In Figure (5.4a), note that the path of the driver pin is precisely radial (orthagonal
to tangentinl) to the driven wheel both at the times it enters and exits the slot. This is
necessary 1o impart a smooth start and complete stop to the mdexing 1able. In et any
coasting of the table during the station execution (wheel-at-rest) phase will cause the
driver pin 1o miss its next entry slot. This s a serious problem that will jam the drive
for the machine and produce other mishaps that may oceur on top of the table. Note
alsp thut the index and dwell time are dependent upon the driver speed and are
constant from evele to eyele,

Frgure (5, 136), Geneva mechunism

Figore (5. 14) Geneva mechanium rotation
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Fure (5.15) Geneva driven indexing table calenlations

It is possible to have various numbers of stations in a geneva indexing table
setup, although the number eannot be less than three. More than eight stations should
be considered mre. Figure 5,15 descnibes the relationships between number of
stations; dwell time, index time, and dnver speed, Note that at four stations angle A -
angle B and driver and driven wheel diameters are the-same. An example will now
illustrate caleulations for 4 typical genevi

Angle A + Angle B= 1807
Angle B 4 Angle C = 360°

Angle B 1

Index time = 360" * drmarrpm_[minutes]
Angle C 1

Dwell time = —r (minutes)

*
3al" driver rpm

Cycle time = Index time+ Dwell time = ——.
driver rpm
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MECHANIZATION OF PARTS HANDLING

1 PARTS FEEDING

Fahrcated prece parts, whiether thiey e forgmgs, castings, muachined parts, plastic
injection moldings, wond milled products, electrichl components, oF tubber moldings,
must be:

l. Transported.

Tad

. Selected,
3. Unented properly.
4. Positioned for assembly or subseguent operanons.

1.1. Pars Source Compatibility

When automating the assembly station, the first place the autimation engineer
should look is where the components were hefore they came to the assembly station.
The engineer should ask, "Was 1t really necessary for the components to arrive for
&ssamhl}? ar this station all jumbled and piled into a hopper™ Even if the components
were purchnsed ouwside the plant, it is sometimes permissible to speeify that they be
shipped m magazines or contimious feed stnps, or ot least compartmerntalized

containers.

1.2 Motionand Transfer

If the wurst case is indeed the actual case and the parts are received in o jumbled
mass in & hopper, the first requisite for automatic feeding of these parts is to get them to
start moving.

Moton ean be imparted 1o parts by gravity, centrifugal force, tumbling, air
prissure, or vibration. The power 1o drive these mechanisms can be either electrical or
off-machide, the off-machine devices having svnchronizntion advantiges,

Off-maching drive: Awtomation enginecrs empliy separate eloctric motors to feed
a machine awtomaticallvin situations in which an off-machine linkuge would be cheaper

amd mare praciical. Furthermare, there is an advamage of ofi-machine linkages that is
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sunchrontzation. When o machine speed s increased, the kinemuatic Hinkages attached
ton f speed i right along wWith the machinge.

The most versatile small parts feeding machine is the electrically driven vibratory
bowl (Figure (6. la and 6.1h) The most amazing feature of a vibrutory bowl is that it
literally cuuses prece pasts to travel uphill as they vibrate up inclined ledges, or tracks,
spiraling around the mside of the bowl. The magic creating this phenomenon is the
variation in the scceleration of motion during the vibration cycle causing the pans to be
tossed upward farther thom they slip backwurd before the next vibration cyele tosses
them farther upward. The direction of the vibration motion is canted to provide two
components, one parallel to tevel in the track and one perpendicular to the trick. The
freguency of vibration can be varied. with increasing frequency resulting in faster feed

rtes up 1o limit beyond winch increasing frequency results in slower feed rates,

Figure (6.1a). Vibratory howl feeder
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Floure (6.1h). Yibratory bowl lecder

Another type of vibrataries the vibentory spiml elevator, shown in Figure (6.2). The
spiral elevator has some advantages when the objective is strictly feeding, not orienting
or rejecting misoriented parts, This type usually used for specinl applications like in a
heat chamber 1o bring electronic parts to the required temperature during their fifty-six-
foor spiral truvel up the track before being discharped into a'test operation.

Three wavs 10 feed evlindrical parts are shown in Fieures (6. 3a, 6.3b and 6.3¢).
The centerboard hopper uses o reciprocating motion. The other two use rotation, but for
difterent purposes, The centrifugal hopper uses the rotation to provide centnfugal foree,
while the rotary disk feeder merely uses il to tumble the parts around until they fall by
gravity into one of the onentation slots,

For more gentle feeding of delicate eylindrical pans, a rotating base hopper can be

used as shown ' Figure (6.4).
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Figure (6.3a). Three ways to feed cylindrical parts, (a) Centerboard hopper
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Figemo (6.3b) Three ways to feed cylindrical parts, (h) Rotary disk feedor
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Fliare (6.3c). Three ways to feed evlindricul parts, {c) Ciéntrifugal hopper
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Figums (6.4} Hotatiag base happer for gentle feeding of dilicate cvlindrical parts

Two maore feeders lor eylindrical parts, the bladed wheet hopper and the wmbling
barrel hopper, are shown in Figures (6.5a and 6.5h). The bladed wheel bears o
resemblance 1o the centerboard hopper, but both feeders are really quite different. The
blided whesl does not caplure parts: it marely stits up the miss and kicks misaligned
parts back up out of the way for unimpeded passage of those parts that have fallen into
the slor. The mdius of the bladed wheel s such that it does not touch parts that have
afready correctly fallen mto the slor. The bladed wheel hopper is essentially o gravity
feed device, The tumbling barrel, like a clothes deyer, has vanes around the drum to pick
up parts as the drum rotates so that the parts will fall upon the track in the middle. Too
much rotation speed will abviously defeat the purpose of this device.

The rotary centerboard hopper (Figure (6.6)) appears similar 1o the blnded wheel
hopper, but note in the figure that the blade 15 actually picking up the parts. not kicking
them buck. The partis LU-shaped and travels down and around by geavity on the slowly
tuming blade to the point at which it 18 dropped upon the stationary delivery track.

For disk-shnped parts, o revolving hook hopper can be used (Figure (6.7)). The
appearance i similar 1o the rotating base hopper of Figure (6.4), but note that the base
i Figure (6.7) is stationary. The purposes are guite different, however, as the revolving
hook, which 15 of less thickness than the disks, shdes along the floor of the hopper,
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gathering the disks into o chanmel that drops them into the center of the hopper. 11 the
disks are Terrous, they may be fed using o magnetie feeder. Figurés (6,84 and 6.8b)

shows two types of magnetic feeders.

Tk

Figure ((.52) Bladed wheel hopper and tumbling barvel hopper for the feeding of durabie cylindrical
purts, {a) Bladed wheel hopper

Walitniaiy Fiiil

Yilimiary

Figure (6.50), Bladed wheel hopper and tambling bareed hopper for the feeding of durable cylindrical
paris, (B) Tumbling barrel hopper



i, Bl T FAS ARG UTRA AL KA
4 OLASS | CONINOL Smg

Py

Meppar
Ristwry lilstest
whieal

Ll |swipry
trecl

Figure (000} Rotary centerboard hopper

g

H ety mg

Ehet ey ihuite

Frgure (6.7} Revalving hook bopper lor disk-shuaped parts
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Figame (6 Xa), Two types of magnetlc feed boppers for fervous parts which are relatively flat,
{a) magnedie disk feeder

Figure (n.8h). Pwaotypes of magnetie feed hoppers for ferrous parts which are relatively fat,
() magmetic elevaring hopper Teeder.
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1.3. Orientation, Selection and Rejection

It can be seen that many of the transfer mechanisms that impart motion to the parts
also onent them before discharging them onto o tmek or into o chute. However, the
figures shown thus fur have illustrated simple shapes such as evlinders and disks. The
evlinders can be tupered or perhaps slightly compound, but for headed serews und other
more complicated shapes a mare sophisticated means of orentation is usually needed.

Returning to the vibritory bowl, the most versatile of feeding mechanisms, along
the top of the bow!l will be found some subtle imegulurities in the inclined track that
have heen designed to recagnize the geometry of the particular part being fed. These
irregularities are designed to push; dumpy or otherwise release incorrectly oriented pans
to fall baick down into the bowl for a setey at corréet orentation. The headed screw or
rver is o pood first example. Figure (6.9) shows several clever tricks to obtain the
desired orientation of the rivets into the slot on the lefl, nvet head up. Taking advantage
of the fact that the rivet is longer thin the diameter of its head, a wiper blade divens all
nivets standing on their heads, Next, a pressure break causes the Hne of rivets to buckle
it the delivery slot is too full to accept new nivets at the rate they are being pushed up
from below: The pressure break also is n track-narrowing device thar assures that the
line of rivets will arrive single-file at the delivery sloL However, even ai ils narrowest
point, the track accommodates the rivet tumed either shank or head forward. Now note
the slot, which is wide enough for the shank bul not the head. The shank will Bll into
the slot whether the hesd or the shank s trailing. I the rivel is tumed somewhut
diagonally on the track so that the shank misses the slot, the downward slope on the
instde shoulder of the slot causes the rivet to fall back into the bow! for a retry.



Rsuiet. Pread, Cr, FRAS ARDULIALTAD RAHEEW CONTRDL AND ATETERSS OHE. ]lf" LECTURE _li“._
At CLASS | COnTI0L fng ALTOMATION ! (11) j.'
W= |1 ES

SCTorRg TIEchig
UA[EES TN Sn
hlide

:nm-‘ EciwaT rEjieciee
ﬂlan in uumh.'
P T S
tﬂlﬁ_‘ o ¥ e
o= ErEWE - chute s ¥

Fignre (6,9), Ovrienting headed serews or rivets at the top discharze portion of
a vibratory bawl

For washers or other disks, a device is needed o create a single file by dumping
extras thal may have climbed onto the bucks of other washers: A sloped portion of the

track with o tiny lip thinner than the wishet does the trick, as shown in Figure (6,10),
Sorwl mall
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Fieure (610}, Crenting o single file of washers in o vibratory feeder
For bottle cnps or other cup-shuped objects. a wiper blade will work if the caps are
shorner than their diameters (Figure (6.11)). Note than thas rule is the opposite ol the mle
psed earlier for serews and rfivets. However, o the cose of the caps the desired
orientation happens 1o be open-end up, The dcallop dumps any cap standing open-end
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dovwn. Finally, o closed section of track can be used to invert the cap to u final useful

orientation for copping onented in the final, correet onentation, but some caps got that
way too enrly in the process. The caps must be uniformly upside down when they reach
the closed inversion track,

W= Lilache

Figore (0] 11 Feeding of hottle caps in correct orlentation
Thesystems deseribed thus far séém o apply primarily o small geometric shipes
of metal, Such piece pirts are typical. but the methods described here are not limited to
the metal products industries. For the sake of variety, consider Figure (6.12), which
illustrates o motating drum for orenting plastic bottles, Consider the billions of plastic
bottles comsumed each vear in the United States alone. and the motivation for
automuation comes into focus: In Figure (6.12) note that there wre two chutes, one for
bottles commg out cap end fivst and the other for bottom end first. One onemation 18
desited. but there is no redson why one line cannot be inverted and then metped with
the other o produce a continupus ling of correctly oriented bottles,
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Flguiie (6, 12) Botating drum for oriditing plasiic baliles

b PARTS FEEDING RESEARCH

There is more to parts feeding equipment design than creative genius. Some
significant guantitntive and experimental research 15 being conducted by both public and
private Institutions:

Studies shows that parts féeding design can be more svientific thon most people
think. Of course, chunging the dimensions and ¢enter of mass of the part miéans that o
new workmg rnge of slob widihs must be identified. However, for standard shapes such
s eylinders, disks, cubes, prisms, serews, and bolts of given materals, formulus ¢an be
denived thot express slot width limits as o function of part geometnes.

21. Selector Efficiency

Usmg probability theory, the efficiencies and owputs of vanous part selector
combinations can be caleulated i the transition probabilines of each selector phinse are
known. By "transition probability”, we mean the chance that a piece part will change 10
prientation yp when it passes through o selector device given that the part was in

orientation X prior to encountering the device. The most populiar mode of selector device
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15 the rejecior, which sumply diseards an incormreetly onented piece back e the center

of the vibratory bowl or other hoppet. The pure refector is a devide for which the
transition probability from a given entry state to the rejected state is 100 percent. A
device can be o pure refector Tor some entry states and not others. 1t is possible to
caleculite directly the output orientation distribution for this combination of three
devices for any given input distribution and also to calculate the system "efficiency”,

which we shall define as follows:

. F.
Efficiency = —,
Fi
where Fy= output feed mte of correctly oriented purts;

F; = total input feed mic,

22 Effidency versus Effectiveness
Andther way 6 view the selector is in terms of "effectiveness” instead of

efficiency. Sclector efTectiveness can be defined as follows:

i
Effectiveness = —=,
Fy

whitte Fp = total output feed rate:

Effectiveness is an interesting ¢riterion for analysis, especially for individual
selector stations. However, singe most overall selector systems approach the 100percent
ideal for effectiveness, the more useful measure of the overall parts selector system is

efficiency, not effectiveness.

23. PartWearand Damage

A finnl consideration may be that the parts selector will overwork the parts,
oscillating and vibrating them and kicking mony of them back for retry after retry, 11 the
effectiveness s virtwilly 100 percent, it is possible 10 use the system eflicichcy o
ealeulnte the chances that a part will be tossed back k times before reaching an

aeceptable orientition. The formuly is!
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where  py = probability that the part will be kicked back k times;
E = efTiciency;
& = number of kickbacks,
Thus, nearly one oul of a hundred parts will be kicked back ten times before
achieving an acceptable erientation. The amomation engineer must decide whether or
not this kind of treatment will damage the product.
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AUTOMATIC PRODUCTION AND ASSEMBLY

After parts orientation and feeding, the process of preparing the parts for swtomatic
processing or assembly, Production lines und assembly machines use a variety of
pneumatic and electric dnves and actuators. In the assembly cyele, many of the
principles apply o other automatic processes such s transfer presses, gang drills. and

automatic indexing lathes.

1.  ASSEMBLY MACHINES

The term assembly machine wsually implies multiple station operation with or
withoul storage between stations. Some operations are common (o most pssemblics,

however, and one of these, the driving of screws.

1.1. Automatic Screwdrivers

Serews are dumped in bulk into vibratory bowl hoppers where they are orienied
and fed down i discharge track to the point & which a power-diven screwdniver is
euided automatically into position 1o drive the serew (Figare (7.1)).

The mechanical jaws or “fingers” reccive the screw from the feed track. hold it
erect with the serew eenterline aligned with that of the serewdriver, and then ravel down
with the screwdriver continuing to hold the screw until the sutomatic driver his engaged
the slot and turmed the serow several tums, Note the similanty between this operition
and thit of a human hand holding a serew 1o be driven miunually.

The actusl driver can be powered either electrically or preumatically with
advantages for each. Because the driver must disengage within o given forque range, o
elutch or other methed must be used to achieve this disengagement. Pneumatic motors
may simply stall ot approximately the cormeet torgue iF the wir pressure 18 regulated
correotly, Il more aur pressure 1 teeded o achieve necessary spindle speeds o meet
production requirements, or if electric drives are used, friction or michet clutches can
be used Even with quality components, automatic serew driving and other sutomatic
gssembly operutions demund securate fixwrng 1o hold the pants properly during

nssemhty.
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Figure (7.11 Auwtomatic driving of serews. In {o) holding jaws receive the screw from
the feeding and orientation system, In (h) the holding jaws move down with the tool until
the screw enters the hole and contacts the locating pin

Nut and bolt assembly is quite similar 1o serew assembly operations. Bolis can be
positioned with robots or linear actustors. Nuts can be attached using mechanisms
similar to the automatic screwdriver pictured in Figure (7.1). Larger components and
housings ¢an usually benefit from fixtures unique to the assembly. Industrial robots with
special grippers are useful for these components also,

1.2. Indexing Machines

The wlentity of the assembly machine is associated principally with the method of
"indexing" or trangferring the partially completed assembly from station to station,

The two principal types of indexing machines are m-line (Figure (72)) and rotaty
indexing, The architype of the in-line style s the sutomobile assembly line, although
automobile assembly lines retain a large number of manual operations. In-line.
ammngements wie more (Texible o that the method can becommaodate uny pumber of
stations, Perhaps even more important i1s the conventence of adding in-process storage
capability along the line. In-process storage capabilily is the key to mereasing the
productivity of lines that have a lurge degree of variability in individual wation cyele
times.

The rotary-mdexmg assembly machine 1s more popular for smull parts assemblies,
These machines are sometimes: called dial indexing machines. A circular ble has

severdl stations that hold the product 10 vanouns stages of its bssembly us 11 sdvances
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around the cirele. [t is possible for the motion of the rotary wble 1w be continuous, s 1

automatic bottling machines, but this requires die assembly appamtus to travel with the
table. Most factory assembly mochines awdvance in discrete intermittent steps, One
station is used for the mounting of the main housing, base, or subussembly onto the
rotary table. This step can be accomplished by a human operitor or by an industrinl
robot, After the table makes nearly a complete circle, the completed assembly is
remived at a station-adjacent to the inpul station, or sometimes @ single station serves
both the Toading and unloading functions.

Livneas frrmmmmd PesssShpTa @atSsnmen

B-apmredlle gty et

Scimw Taours
Chiriny & robot af)

Figure (7.2) In-dine, nonsynchronoos, sutomatic transfer loe for sssembly of sutomabile headlnmps

2. PRODUCTION AND THROUGHPUT

The auwtomatic assembly maching, whether it is rotary or in-line, produces a
completed assembly every time the machine mdexes, regurdless of the number of
stations m the assembly process. To compute the (ideal) production mite of an automatic
assembly machine, we need to know only the indexing eycle time; the number of
sttions 1s immatertal. It s true that throughput time, the time reguired to assemble a
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given ussembly from seirt o fimish, 15 dependent upon the momber of stations and the

index time, but production rate is not,

21. Production and Throughput Time

Example 1

An automatic assembly machine is of the dial-indexing configuration, has
cight stations, and is driven by a geneva mechanism in which the driver has a
rotutional speed of 30 rpm. What is the production and throughput time of this
machine?

Solution

The principle of the genevi mechanism in which every revolution of the driver
constitutes one Indexing of the assembly machine. Therefore the production rate is thirty

Units per minute,

1 1 6l sec

Production time = = - *
: production rate 30 units/min min

= 2secper unit

Throughput time = production time > number of stations
= 2 sec X B stations = 16 sec
We have been focusing upon iden) production rates in which the assembly machine
functions without jamming, but this ideal s never completely achieved. Station
malfunctions on uan auwtomatie assembly machine cun have disastrous effects upon

production, as will be seen in the section that follows.

22 Machine Jamming

It is ensy 10 overlook the pitfalls of awtomation, and one of the most notorious
examples can result from the setting up of sutomatic multistation assembly machines
without due consideration to the potential effects of station malfunction or jamming.

Consider an cight-station rotary indexing machine driven by a genewva
mechanism in which the index time is three seconds and the dwell time is five

seconds. Checking the validity of the ratio of index to dwell time. Under ideal operating
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conditions (no malfunctions), this eight-station rotary indexing machineg will produce a
completed assembly every ight seconds nd will achieve a cormesponding production
rate of 450 units per hour.

In a more realistic ¢ase, suppose each station malfunctions on the average of once
every 100 cycles, o seemingly tolerable rate of work stoppage. One or more station
malfunctions will immediately jam the indexing maching, requiring an operator to make
adjustments to restart the maching: For our example, let us say that this adjustment and
restart process requires o mere ten minutes, The resoll is s reduction in prodectivity
of the auttmnted nssembly miching, 45 can be seen m the lollowing senes of
caleulntions,

I the chance of a station malfunction is one in 100, the chance that a given
station will pot malfunction in a given cyvele is 99 % or 099, But ull eight ststions
must operate without malfunction to produce a completed assembly suecessfully,

So the probability of no malfunctnon ot each station during that cvele. Multplying
the station success probabilities:

0.99% = 0.9227

Therefore, out of 10,000 machine cyeles, 9227 assemblics will be produced
without malfunction, with a eyele time of eight seconds per assembly. This will
COSLITE:

9227 % 8 sec= 73,816 sec= 20.50 hr

In the other 773 eveles (10,000-9227), st least one &tation will malfunction and
require 4 ten-minute repair. This will consume:;

773 % 10 min/breakdown = 7730 min = 128.83 hr

The total time to produce the 9227 assemblies is then:

20.50 hr+ 128.83 hr = 149.33 hr

For the total of operating time plus malfunction downtime. The percent downtime
1%

128.83
149.33

= 0. 863 = 86.3 % of the total production time.
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The production rute has beedt reduced from the ideal of 450 wnits per hour
caleulnted earlier to:

9227 units
149.33 br

The efficiency of the assembly machine would be the ratio of the actual production

= 61.8 units/hr

mate to the ideal production mate, calculnted as:

61. 8 units/hr

Efficiency = 450 units/hr =0.137=13.7%

an amazing 86.3 % drop in ¢fficiency from introduction of only a slight {1 %) station

malfunction rate, Sueh is the world of sutomation, and the autonuition engmeer should
be prepared to deal with the realities of system malfimction and downtime when

plinming for a new automated sssembly machine.

23. Component Quality Control

Explaming why these malfunctions might occur. The predominant cause of
sssembly station malfimetion 18 some mandom variation in o the components being
assembled, vanation of a magnitude that cannot be handled by the assembly machine.
If tighter specificaiions can be applied or closer quality control can be exacted upon the
components produced to existing specifications, the amtomation engineer may be able
to sehieve astodishing improvements in assembly machine production rates. Suppose in
the example in the previous section that 90 % of the assembly uulfm:tﬁns were
due to faulty components. Elimination of the component quality problem would then
reduce the station malfunction rate from one out of 100 cyeles to one out of
1000 eveles. Let us now refigure the production mate and percent downtime with the
component quality problem eliminated.

Probability of st least one station malfunction in a given typieal eyvele:

0.999% = 0,9920

So i 1000 machine evcles, 9920 assemblies will be produced with a evele

time of elght seconds per completed assembly. This will consume:
9920 x 8 sec =79 360 sec=22.04 hr
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I the other B0 eveles (10,600 —9920), at least one stabion will malfunction and
require @ ten-minute repair time. This will consume:
80 % 10 min = 800 min = 13.33 hr
Now the total time to produce 9920 assemblies is:
2204 hr +13.33 hr = 35.37 hr
for both operating time and downtime. But the percent downtime bas Been reduced
from R6.3 % 10;
13.33 hr/35.37 hr=0.38 = 38 %
of the total produgtion time. The production mite 15 back up to:
9920 unit/35.37 hr = 280,46 units/hr
which is!
280.46/450 = 0.62 = 62 % of the ldeal production rate.

A production efficiency of 62 % s not very good either, bat it is considerably
beiter than the 13.7 % achieved withoul component quality control. It can be seen thit
the control of component quality can eusily become the differemce between success and
tmiture of an aumtomated assembly system setup. A case study will now serve to review
the essential concepts of the previous two sections.

Example 2

(Avterrntic Assembly with Station Malfinciions and Parts Jmnmg}

An in-line automatic transfer and assembly machine has thirty consecutive
assembly stations. The line is under control of a walking beam with an index time
of four seconds and a dwell of twenty seconds. Each station along the line will
operate without malfunction with a reliability of 0.999 when its hopper is supplied
with quality components, Any defective component will canse a station to jam,
which in turn will precipitate a line jam because there is no provision for in-process
assembly storage along the line. A jam or malfunction requires ten minutes to

porrect.

a)  No station malfunction or jamming
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production capability of this line? What is the throughput time?

Solution

Chyele time
Te = 4 secindex + 20 sec dwell = 24 sec
Hdeal production rate
3600 sec/hr
= Zasec/unit 150 units/hr
Throughpet time

Ty = 30 stations x 24 sec/station = 720 sec = 12 min

b)  Assuming station malfunction
Assuming ideal component quality, what is the production rate considering
stution mulfunction? What is the percent downtime? What is the throughput time?
Solution
Prob [a cycle will not malfunction] = 0.999% = 0. 9704
Prob [a cycle will malfunction| = 1 — 0.9704 = 0.0296

Time to prosduce 9704 assemblies
Total time = total successful cycle time + malfunction correction time
= 9704 units x 24 o5 x 0¥
unit 3600 sec
min 1 hr

+ 296 malfunctions x 10

malfunction % 60 min
= 64.69hr+49. 33 hr=114.02 hr

Provluction rite
R =9704 units/114.02 hr = 85 units,/hr
Percent devnnime
D=49.33 hr/114.02 hr=0.43 =43 %

Thraughyput time
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min
60 —= 2118 min.

T. = 30 stations ¥ %
T = 85 units/hr hr

o) Assuming defective pares fumming

Assuming component lot quality is at the level of (1/2) of ane percent defective,
what is the effect of defective components upon production rate?

Solution

a given station will not jam
ata given cycle

Prob
= (0.999) x Prob |no defective component|
= (0.999)(1 — 0.005) = (0.999)(0.995) = 0.994
Prob |a cycle will not jam| = 0,994 = 00,8349
Prob |a cycle will jam| = 1 — 0.8349 = 0.1651
Time i produce 8349 assemblies
Total time = total successful cycle time + unjam time

seC 1 hr
= 8349 units x24 0 X S

min 1hr
+ 1651 jams x 10 - b -
jam 60 min

=565.66 hr + 275.16 hr = 330.82 hr
Production rute
R = 8349 units/330.82 hr = 25. 24 units/hr
Percent downtime
D =275.16 hr/330.82 hr = 0.83 =B3 'l

Efficiency
_ actual production rate  25.24 units/hr 0.47 = 17 %
"~ ideal production rate 150 units/hr
Throughput time
1 i
Tr = 30 stations x X 60 = = 71.32 min = 1.19 hr

25.24 units/hr hr
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Thus, o component guality Tevel of only (1/2) of one percent delectives in this case
reduces the production rte from 95 unitshr to 25.24 unitg/hr, increases downtime from
43 % to B3 ¥, and throughpat time i% increased from a little under twenty minutes to
over an hour,

So important is the quality and uniformity of components to the success of
assembly automation that some firms pay several times the standard price for such jtems
as sarews, nuts, and holts 1o purchase the finest quality available for use i automated
assembly, The prohibitive cost of machine jamming due to faalty components casily

justifies the added cost for quality components in these cuses.

24, Defective Component Assembly

Cime way to deal with the component quality problem 15 1o use automatic in-process
mspection to prevent costly assembly opemtions from bemg wasted on defective
components, This is & good strategy, but the results of Evample 2 suggest thar once the
components reach the ‘assembly machine a better strateégy may be to assemble the
defective components intentionally rather than stop the line. For some ‘assemblics
electronic clrouit boards, for instance it may be more practical 16 screen oul defective
components afier the assembly is complete, even though this entails the added cost of

partial disassembly, The benefits of this strategy will be lustrated in Evample 3,

Exumple 3

(Suvings frvun Defoctive Component Assemnbily)

A twenty-station sutomatic assembly line operates on a two-shift basis, mcludimg
maintenance, 350 days per year. Preventive maintenance is performed on the third
shift and during normal operation. The line 15 swopped upon demund Tor machine
repidr or defective component replacement, The component gquality level is one-
pervent defective, and the current strategy is always to detect and remove defective
components hefore assembly, even though such removal requires stopping the line
an average of fifteen minutes each time to remove defective eomponents. The
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automatic wssembly machine has an equivalent annual cost of $490,000 und

achieves an ideal cvele time of ten seconds,

A strategy is proposed (o Keep the line running without stopping to remove
defective components, even though this will entail rework at a cost of 0.6 labor
hours at $20 per howr per defective assembly. Is the savings in production time
waorth the expensive rework?”

Sulutivn

The analvsis of this stritegy consists of comparmg the tvpieal cost of line downtmie
(nlternatives):

1hr . | day xSﬁU.ﬂﬂﬂ,ﬂw
60 min 16 hr 350 days

With the typical rework cost (alternative B):
Cast B = 0.6 hr/rework x $20hr =512

The better altemative of the two 15 1o assemble defeonve components intentionally,

= $21.875

Cost A= 15 min/stoppage X

Note in Example 3 that production rate und eyele time did not enter the analysis.
The lower cost alternative 1o this case study was 1o assemble defective components and
rework later, but other alternatives should be considered. The assembly machine
downtime for component removal 15 not seally lost if it can be made up on the third
shifi. The equivalent anmual cost of the muchine iself would remain essentially the saime
sinee most of this cost would consist of capital recovery ol the original investment in
the machine. Two other alternatives would be:

v automatic preinspection screening of the componients to remove defectives
hefore they reach the assembly machine;

V. improvement of the source guality of the components during their
manufacture.

Example 3 was a concdetion ol circumstances thyt winild make the intentional
automatic assambly of defective components a viable alternative. Usually, however, this
alternative will not be the best one. [fthere is any idle capacity on the machine, even on

the night shift, it will usually be advantageous 10 use that wdle capacity to make up for
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dovwntime rather than incumng rework costs due to mtentionnl assembly of defective
component

In case of considering the circumstances of Example 2 1o be oo farferched, 1t
should be mentioned that even in conventional manufacture the intentional acceptance
of known defectives is a caleulnted sirategy. For instance, in the garment indusiry, fabric
flaws are often detected by the cutting-room personnel during the spreading of lays
before the cut is made in thicknesses of up 10250 ply. The Nawsare left in the fabric 1o
avold disrupting the laying process and 10 prevent daninge o other pieces that will be
cut from the defective ply. It is usually hoped that [ater the defective pieces will be
discovered and removed, elther in the sewing room prior to stitching or even in final
mspection where rework will be the unfortunate eonsequence. Either aliemative may be

preferable to removing the flaw in the cutting room.

25. Buffer Storage

IT a lurge degree of random varintion exists in the operation of the individual
stitions along an mitomatic assembly line, o deprée of independence between the
stations must be built in o achieve even a modicum of efficiency. This independende is
schieved by placing buffer storage between stutions. Such a system usually dictates 3
nonsynchronous matenal trinsfer system because o ngd, intermmittent fransfer system
does not accommodate the vanations in-station operntion fime.

To see the advantage of buffer storage between stations, eonsider a line in which
the ideal evele time is one minute. IT each station on the line malfunctions once
every sixty cycles and one hour is required to resolve each malfunction. each
station will be available for produoction approximately 50 % of the time.
Hypothetically, if all of the station malfunctions could be synchronized, the line
could theoretically achieve a production of one-halfl of sixty, or thirty, units per
hour, But the nature of malfunciions is that they occur at random points in time.
This charactenstic greatly reduces the productivity of the line, because 1f any station

along the line 15 down, the entire line s down as was seen earlier in the analvsis or
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indexing assembly machines. Inthe sttoation described above in which each station is
available enly 50 % of the time, the availability of the entire indexing line is 0,57,
where » represenis the number of stations along the line. Such a line with only five
stations would be down 97 % of the time! The difference between this percentage and
the hypothetical percentage of availability 1f the malfunctions could be synchronized:
97 % — 50 % =47 %

represents the production loss due to interference between the stutions. The
interference is called "blocking™ when station (i) cannot release its part w station (£ + )
and is ealled "starving" when station (#) cannot obtain o part. from station (i = /). In either
case, station 115 jdle dormg this penod even if it is not malfonctioning and would be
able to produce if it had o part upon which te perform 11s operation.
The provision of buffer storage between stations permits each station 0 produce "o
atock.” The first station is started first and produces approximately one-halfl the
capacity ol its storage before the second station is started. The second station then
begins, working from the stored supply produced by the first station while the first
station continues to produce. Subsequent stations are added to production as each
sequentinl storage reaches approximately one-half its capacity. provided stations
are reasonably similar in operating characteristics and downtime. When all
storages are thus leaded, the line can function with some resilience due to the
buiffer storages between stations, I the buffer storages are large enough to prevent
blocking und stnrving, the production of the line described earlier can be buck up 1o
thirty units per hour.
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Tutorial Sheet No 2
Q: 1

Bullered assembly line production

Example 2 (lectury No. 7) considered the devastuting effects of station malfinctions
atd parts janming upon awtomatic assembly, Suppose the same thivtv-statfon aperation
wiere performed on a buffervd axsembly line with the same twenpe-second prodicetive
cyele. (Nore that the four-second index time is ignoved in this case becanse each biffered
station will be producing to stock). Caleulare the improvement in line prodisciivity,

Sol.

Prob [a station will not jam| = 0,994 (from solution to Example 2 (¢))
Time to produce Y94 assemblies:

Production time
20 sec 1hr

= "4 ams
994 units e x 3600 Sac + b6 jams
G2, o 30 552hr+1hr= 6521
H 1ﬂm ﬁ{l m_i_ﬂ - LEE l'+ r- & T
Production rate {haffered)

Rg = 994 units/6.52 hr = 152.4 units/hr
Production rate (unbuffered)
R = 2524 units/hr (from solution to Example 2 (c))
Productivity improvement

Ry _ 1524 _ -
R 25.24
Thus, Q: 1 shows_how the addition of adequate buffer storage could inerease the
productivity of the line six times. In fact, fully buffered assembly lings are really a
degeneration to baeh-type manufeturing, typical of a plant prior 1o autamation,
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Q: 1 omitted a calewlwtion of throughput tme which goes op when bufTer stormges
are provided. The amount of the incregse 15 depending upon the smount of buffet stornge
provided, as will be illustrated in the next question (Q: 2).

Q2

Effect of Bulfer Storage upon Throughput Time

A thirtv-station assembly line with buffer stovage benween stationy that averages
fifty wnits each has a production rate of 1524 units per howr (the same as (n Q: 1)
Calonlate throughput time.

Sol.

Throughput ttime must corsider the want tme each unit spends m the bufter storage
berween stutions, The avernge warl time is the product of the avernge station cvele time
(including downtime) times the avernge storage number m storage, Thus, for anaversge
storage quantity of fifty:

Average wall time —.
(between any two stations) 1524 units/hr

% 50 = (1,328 hr/buffer
There would be n — 1 or twenty nine buffer stursges in a thirty-station buffered
assembly line would be:

Total average walt time = (average wait time in each buffer) x number of buffers
= 0.328 hr/buffer x 29 buffers = 9.51 hr

Tatal throughput time = production time + wait time
! 1 . .
= II.SZA = jhrx 30 stmdnns] 4+ 951 hr
=020 hr + 951 hr =971 hr

Another Solution

Another way to caleulate throughput time for the buffercd assembly line 15 to
recognize that there are

304+ (29 x 50) = 1480

posiions throut which & unit nust advance through the system-ar a rate of 1/ 152.4 house
per position:
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1
Throughput time = [30 + (29 X 50)] {zo =9.71 hr

The throughput time of 9.7 1 hours caleolated for Q@ 1 should be compared with
the throughput trime caleulated for Evample 2ifecture No. 7). pant (e). which considered
station malfunctions and jammimg. That throoghpit tme was calculated 1o be
approximately one hour. Thus, although adding bulfer storage increased line
productivity six times {Example 3), itinereased throughpol tme alimost ten fimes (Q: 1),
This conclusion fs based upon the assumption that an average buffer storage of fifty
units would be ample to prevent uny blocking or starving of stations in the buffered

assembly hne,
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8.1 Distinguishing Between NC, DNC, and CNC

Numerical Control NC 5 o form of progrmmmable automation m which the
mechnnical actions of a machine tool or other equipment are controlled by »
progrom contmmng coded alphumumernical dans,

Numerical contral NC is dny machining process in which the operations ure
executed automatically in sequences as specified by the program that contains the
information for the ool movements.,

The alphanumerical data represent relative positions between o workhead and o
workpart as well as other imstructions needed o operawe the machine.

The workhead is a cutting tool or other processing apparatus, and the workpart is
the object being processed.

A CNC unit of a machine tool consisls of ong ormore central processing units
(CPUs) inputioutput devices, operitor interface devices, and  programmunble
logical controllers.

The CNC unnt may contain several CPUs, or micraprocessors, depending on the
tasks required by the machine 1wal, A very basic threg-axis CNC milling machine
requires the fine coordinated feeding velocity and posttion control of all three axes
and the spindle speed simultancously, Current CNC systems tend 1o use multiple
CPUs depending on the number of computation tasks, UNC systems, equipped
with a momitor and o kevboard, allow opemtors 1o edint NC programs on site.

NC progranis, production sehédules, and recordimg of production times and
aperation eyeles are continuously electronically communicated between the CNC
umits and the master computer. Such systems are called Distributed Numerically
Controlled (DNC) systems.

8.2 Introduction to CNC Machine
A dingram ol a typical three-axis computer numerically controlled (CNC)
machining center is shown in Figure 6.1, The CNC machining center consists of

mechanical, power electronic, and CNC units. The mechameal umit consists of
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beds, columns, spmdle assembly, ond feed dave mechanisms. Spindle and feed
drive motors and their servoamplifiers, high-voltage power supply unit, nnd Limil
switches are part of the power electronics group. The ONC consists ol a computer
unit and position and velocity sensors for each drive mechanism. The opertor
entérs the numerically controlled (NC) program 1o the CNC unit, The ONC
computer processes the data and generates discrete numerical position commands
for each feed drive and velocity command for the spindle drive: The numerical
communds we converted mwo signal voltige (=5V or 210 V) and sent o
servoamplifiers of analog drives, or sent numenically o digital drives that process
and amplify them o the high-voltage levels required by the motors, As the drives
move, sensors measure their velocity and position. The CNC periodically executes
digital contral lows at fixed sampling intervilds that maintmin the feed spead and
tool path at programmed mites by using sensor feedback measurements.

The fundamenal principles of desigmng CNC systems are covered m this chapier.
First, the sizing and selection of drive motors wre presented, followed by physical
structure pnd modeling of a servodrive control system. The mathematical modeling
and anulysis of drive systemy are covered both in the time and frequency domain.

Setisar(Z)
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Figure 871 Fobcloon! disgram of o ilirde-asis ONC mochiniag mdoter,
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8.3 Machine Tool Drives

The drives in machine tools are classified as spindle and feed drive mechanisms,
Spindle drives rotate over a wide veloeity range (i.e.. up to 35000 rev/min),
whereas the feed drves usually convert angular motions of the motors 1o Imear
traverse speeds, which can range op to 30,000 movmin. In this text, the
servoconirol of leed dives 15 covered only, although the miterial can be easily
extended to spindle drives because the fundamental design and analysis methods
are quite similar.

Let us take one of the feed drives in a machine tool as an example, The feed drive
has the following mechanical components: the table with a workpiece: the mut, the
ball lead screw, the wrgue reduction gear set, and the seovemotor (see Fig. 6.2)
Because of their eficient torgue delivery capability ot varous speeds. themost
common servomolors used in the feed doves are direst current (de) motars,
However, alternating current (ac) servomaotors have also gained populanty because
of their improved performance. The electrical components ol a servomotor system
caomprise the servomotor amplifier, velocity and position feedback transducers, a

digital computer; and a digital to analog converter circuit.

8.3.1 Mechanical Components and Torque Requirements

The feed drive motor has to overcome both the static and dynamie losds in the
machine toal. The sources of the stutic loads are the friction losses in the puideways
and bearings and the cotting forees acting in the feeding direction of the wable. The
motor must deliver o high enough  dynamic torgue 1o accelerate the table,
workpicce, and leadscrew assembly for a short period of time until the drive
reaches the desired steady-state speed. The dynamic torque is given as peak torgue
or peak curment delivery with a period of 2 W0 3 seconds by the servomator
manufiucturers. The molors must have o sufficlently high continuous lorgue
delivery range and a sufficient peak torgue and delivery period 1o overcome the

static and dynamic loads, respectively, Estimation of static and dynamic motor
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londs sre brielly mtroduced i the following paragraphs.

Ballserew

raomry

3 encoders
linear !

cncoder

sCrEma-nUL table

fi
coupings EntEr.F-T:EE astener /

thaust — frame Pt ballscrew 00
bearing bearing

Figure 6.2: A ballgerew-drivon nibching tual tuble.
Static Loads
There are three sources of static londs: the fnction in the shdeways, nctonal losses
in the feed drive bearings, and cutting forces. The friction in the gideways depends
on the type ol contact between the sliding wble and the stationary guideway. High
frction coelficients are lound ot plinn lubricated guideways where the metal-to-

metal table-guideway surface contact arca is large. The metal comact surface area
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is reduced in hvdrostatic and hvdrodynamie guideways where pressunzed Iubricant
15 injected between the table and the guideway. The friction coefficient s probably
sroallest in the guidewny designs where voller bearings are used at the guldeway-
tihle
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azsenibly (see Fig. 6.2). The torque reflected on the feed drive motor due to
friction (Tge) in the guideways can be ostimated as

h
Tﬂ:— ﬁ Mpp [(my-+-myr+F,l, (6.1}

where jige s the friction coefficient on the guldeways, my is the table munes, my
is the workpiece muss, F. is the normal eutting foree on the table, k, is the
leniedserew piteh length, and g iz the gravitational acceleration (9.81 m/s?),

The friction coefflcient for plain guideways typically ranges from 0,05 to 0.1
and the vertical cutting force (F) can be taken os 10 percent of tho mnximum
restlbant cutting foree ina typical vertical milling machine tool [105].

Axinl thrust bearings are used at both ends of the leadserew to abhsarb the
feed forces and also to guide the serew radially at the same time [109]. Axial
thrust bearings are prelonded in tension to offset Lhe backlush produced by
the thermnl expansion of the leadsecrew because of friction in the feed drive
assembly, In sddition to the preload, the sxial thrust bearings are loaded by
tho feed forces. The feed forees con be estimnted by using the eutting mechonics
relationshipsgiven in the metal eutting chaprer. The torque lost in the bearings
and prelond {e estimnted ns

Tie= i % (Fr+ By (6:2)

where wy, 18 the friction coolfeiont an boarings (typically approximetely 0.005),
dy, is the mean bearing dinmeter, Fr is the maximum [eed fovee on the tahble,
and F, is the preload force,

The torque reflected on the leadderew shaft due to the cutting forees in the
foed diroction is given as

[

. . (6.3
o 1 )
The total static disturbance lpad reflected on the leadserew shaft (T2) i found
hy summing the three torque values ealeulated in Egs. (6.1), (6.2), and (6.3) as

fallpws:

Tr=

Te=Ty+ T+ Ty (6.4)

In the easos where the static torque (T, ) 'is too large, o gear reduction con be
applisd between the motor ghalt and the leadserew. The gear reduction ratio
(re)indefinod ns

Py = = — (G.5)
where 2., iz the number of teeth on the motor’s gear, 2; is the number of teeth

on the feedscrew’s gear, ny, 18 the motor's angular velocity (rev/min), and ny is
the feedscrew’s angular velocity (rev/min),
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To reduce the speed, we must have z; > 2, which gives a gear redlm'hnn

ratio larger than one (i.e,, rg > 1), The reduced reflected torgue on the motor's
shaft (Ty) iz found as

Py =, (6.6)

The CNC designer must select a de motor that has o larger continuons Lorgue
delivery capacity thun the statie torgue reflected on the motor's shaft.

Dynamic Loads

Machine tools require high-aceeleration torque during speed changes. The
reflected inertin on the motar's shalt consists of the inertia of the tabls, the
workpiece, the leadscrew, the gears, and the motor’s shaft. The moment of
inertia of the table and workpiece reflected on the leadserew shaft is

h +
R P (ﬁ) . (6.7)

The moment of inortin of the leadserew with a piteh dinmeter af d is

Ji= = m ("“) (6.8)

q.- —

where my is the mass of the lendscrew shaft. The total inertin reflected on the
motor's shaft is

do=tdmrdi
i

where J; i3 the inertin of the motor’s shaft, and r; = 1 i8 the gear reduction
ratio between the fepdserew and motor speeds,

There = another friction torque in the drive system that is propartional
fo the veloeity, namely, the viscous fretion torque. The total dynamic torgue
required to necelerate the inertin J, and to overcome viseous friction and the
static londs is given as

+ofm. (6,9

Ta=dJ, ‘%;+Hw+ Te: (6. 100

where @ is the angulor velocity of the motor and B 1s the viscous friction
confficiont. Note that, beenuse the cutting is performed af low feeds, the contri-
bution of eutting forces to the static torqgue (T, ) doos nol haove to be eonsidored
in Eq. (6.10), The peak torgue value delivered by the motor must be lorger
than the dynamic torque enleulated from Eq. (6.10) I a gear reduction {5 used
between the motor's ehaft and leadscrew, the dynamic torque reflected on the
mator's shoft is reduced; see Bys. (6.9) and (6,104,

Example. A vertical milling machine is to be retrofitted with three identical
de servomotors. Bocause the largest load is applied in the longitudinal axis,
themotors are selectod according to the torque requirements of this axis. The
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following porameters are given for the feed drive nxla

me = 20 log — table mass,

m o = 30 kg = moximum mass for the workpieco,

m; =2 kg - leadscrew mass,

iy = 0.020 myyev. — piteh of the fesdserow,

dy = 0,020 m — [eedscrew dinmeter,

o = 2876 x 107 kg m* — motor's shalt, coupling, encoder
aned tachonerutor inertin,

rg = 1, = gear reduction ratio,

gt = 0.1 = friction eoefficient in the guidoes,

gy = L0065 — friction coofficient of bearings,

F. = 1,000 N — maxinum vertichl foree,

B = 0,005 Nmirad/s) - viseous damping coelficient,

Fy =5, 000 N — maximum (eeding fores,

F, = 2,000 N - preload force in thrust bearings,

ay = 5 mie — desired aceelarntion of the table,

Static Tomue
The statie torgue contrabuted by the friction in the guideways (Eq. 8.1) 1s

T=0]1 wIIEH 4+ 30)8.81 + 1,000] = 04744 Nm.

The torgue lost in the besrings due to friction (Eq. 6.2) is

Ty = 0.00527 (5,000 +2,000) = 0.5500 Nnm

The torque required to overcome feed forees (Eg. 6.3) 18

0 IIEI!J

Te= = 15.90 Nm.

Thus, the t_ut.ﬂ'l roquited continuous torgue from the de motor (Eg. 6.4) is

0. 4744 4 (.45 15:80
1.0

= 16.72 Nm.

T =

Dynamic Load
The moment of inertinof the table and workpiece reflected on the feedserew
shaft (Eq. 6.7) 1s

Jiw = (204 30) (uf") = 5066 107 kg m".

The leadserew’s Inertin (Eq. 6.8) is
&= %2 ﬂ(ugz) =110~ kg mm?.
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Bocause the motor is direetly connected to the Jeadserew of the machine (i,
re = 1.0), the totnl inertia refllected on the motor's shaft is found (Bq. 6.9) to be

Jo=5.086:10"% +1-10"* +2.875. 10~ = 88411 - 10~ kg m*,
The angular acceleration of the motor's shaft s

dlfi.l iy

i e ﬂuuzwsmmmms*

The dynnmic torgue required is found from Eq. (8.10) as follows:

Ti=8.0411-10"" kg m* x 1,570 rad/s® +0.005 Nmi'rad/s)
0h
0020

Thus the selected servomotor must be able to attain 18,90 Nm dynamic torque
for a perind of acceleration (0.1 g),

= 18890 Nm.
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de Motor Power Amplifiers and Velocity Control Loop

The armature voltage is supplied by a power amplifier, The power amplifier
recoives o large constant de voltago from o transformer, which convarts ac line
voltage to the desired de voltage level. The power amplifier illustrated in this
text is n pulse width modulated (PWM), current-controlled amplifier. However,
the operation of other types of power amplifiers are quite similar,

The hlock diagrom of a complete velocity control loop 15 shown in Figure 6.4.
The power amplifior receives n volocity command signal Ve from the digital o

"*-..
~_f1l

|
T o S—

T b Ve
i

Passhiism ikl

rHID L TYRTES

Tadl
-
Lis

| I TEN

Figure 6.4: Block dingram of o feesd drive servocontrol system. (1) Physieal parts, (b Block

o

[ 5]
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annlog convertar output of the digital controller, The velocity command signal
18 first bufered with nn adjustable differential preamplifier represented by &
ain S, The outpiat of 8, s compared with an actan] velogity signal measured
by the tachometer feedback unit. The resulting velocity error signal (in volts)
i canverted to 8 demand current by the eurrent amplifier, which has a gain
of K. Most current amplifiers use an armature current feedback signal to
improve the dynamic response of the motor. The feedback current signal is
pulled from a current sense coupler and compared with the demuand current
The PWM circuit generates a varying sawtonth shape de voleage at certain
frequency. The PWM frequency 18 usaally higher than 10 Kz Low-frequency
PWM switching signuls fup to 8 kHz) generate irritating nudible noige. The
current error siimal i modulnted by the PWM elreuit, which i3 modeled us
a goin K. The resulting de voltage beeomes qn ON-OFF type rectangulor
wavelorm. The average voltage level of the waveform (de value) 5 usisl as
armature voltage V, in the caleulations: The complete block dingram of the
amplifier, motor, and tachometer feadbock unit are shown in Figure 6.40.

The binck dingram 1= organized with temporary state varinbles to illustrate
the derivation of the velocity loop transfer function. The bllowing relationships
can be expressed from Lhe block dingram by the use of temporary states, Vi, Vs,
and Vs as follows:

Vila) = 8 Vels) — T H wis),
Vi(x) = KV () — Koy ()
= K15 Vels) — Ky TyHgw(s) — Kylu (5),
Vi) = K\ Va5) — Ky()
= KRS gVels) — (KKt TpH + Ky os(8) — KoKl (8).
The transfer function betiWeamithe current and state Vi i

_ Vals)
',I[HJ' = L_.F‘FR-_.
Subatituting the value of Vi into the current expression yvields
_ 1S g KRy T Hy + Ky,
I8y = Ta+ R+ K..K.F'Eﬂ T wilE ], (6.17)

The motor’s mechanical tronsfer function (see Eg. 6.16) 18

T-1. (8)— T{.(.E:I-

R

I, .
e = |
wis) <7 +Bf.m T +BT¢=1 (6.18)

Substituting the current expression (6.17)into Bq, (6.18) yields the transfer
function between the output velocity w and the velocity command input voltage
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Ve and the disturbanee torgue T, as follows:
- Ky (AL )E+ EL + __E'-H..HL.I .
where
B = S
_ E Ri +H«.HE
H‘:-—-—J—m'{' L—.a
B (R, + K. Ky) + K (K, +HETEEH13
Ky= T Ly

The feed drive servovelocity contreller is designed to have o [ast rise time
with zero vvershoot ot step changes m the velority, Lot usanalyze the veloe-
ity loop as & function of the velecity command input voltage V. The transfer
furiction (Eq. 6.19) can be sxpressod as

wig) Ky
Vels) 89+ 2Fomstal’

(6,200

Here, the natural frequency (s} and damping ratio (£) of the velocity loop are
defined as follows:

wn =+ Rz |radfs],

Ky (6.21)
= 1,
W

where Ky, K > 0. The time domain step response of this underdamped velocity
servo i expressed as

Qs t
K [1—-E— - sin ey ¢ +‘¢}], {6221

4 s

where damped nitural frequency oy and phase shift ¢ are defined as
iy = way/1—4£5,

— g2
—ea)

The variable gaine of the amplifier (ie., 8§, T, K1 K,) are tuned to have
a desired veloenty loop gnin and step response chamacteristics as shown in
Figure 6.5, When a unit step input (e, V. =1V} is.applisd on the amplifier
nput-port, the moxbmum response of the veloeity loep oeeurs ot timae £, where
Lhe derivative of the velocity is zero (e, doi)fde =0). Al the frst overshoot,
the following expression can be obiained lrom the tine derivative ol Eq, (6.22);

wir)=V,-

.
= —, (6.23)
=
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Twpical designvalues for a Teed
tdrive sorve moyv be o damping
ratin of £ =0.707 and a peak time
of fp="10ms. The natural fre-
quency ws can be estmatod from
Er. (6.23) as follows:

- i 3
g = P,J'J-“-{- T

=444 rad/s = T0 Hz.

The corresponding servoparnme-
ters are identified by substitat
ing the volues of £ ond oy into
Fo. (5210, Tv is fmirly obvious that
one carl not demand a higher nat-
ural frequency than' the maxi
mum eapacities of the motor and
amplifier galns can provide.

1.0

\

 Unit step Ingud

063

Amplitude

Thne (5)

Figure 1.5 Step response of a-seondorder undendamped
apstpan (v = thine conuint, & = peak time, &= s m,
.pr = iasrshootl,




