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The used symbols

. R acceleration [m.s?]

D....... diameter of rolling pinion [m]
Fro...... passive force [N]

£ = e gravity acceleration [m.s?}
e, gearing ratio

(TR total gearing ratio

| moment of inertia [kg.m’]

L oons total moment of inertia [kg.m’]
i SRR inertia of motor [kg.m’)

I .... inertia of gear box [kg.m’]

| reflected moment of inertia [kg.m’)
s mass [kg]
| torque [N.m]

| e torque acceleration [N.m]

", torque decceleration [N.m]

| (- preliminary value of torque for selection of the motor [N.ml]
Moo passive torque [N.m]

| I number of revolution of motor [r/min]

........ angular acceleration [rad/s’]

........ time [s]

R time for acceleration [s]

....... time for decceleration [s)

S time for ramping acc/decc [s]



, AT time for complete exchange [s]

RO velocity [m/s]

p, — distance of X axis [m]

b (J— distance of Y axis [m]

The travel's speed (horizontal) m.s' 2
The lift's speed (vertical) m.s' 0,5
The fork's shifting out speed m.s" 0,25
The microlift's speed m.s' 0,025

The travel's acceleration (decceleration) m.s” 1

The lift's acceleration  (decceleration) m.s” 0,19

Paths

Repeatable accuracy mm +1
No of addresses in coordinate X 69
No of addresses in coordinate y 3
No of addresses in coordinate z >
Modulus of the shelf stock's cell m 1

The minimal permissible distance between

measuring labels in coordinate x mm 400
The minimal permissible distance between

measuring labels in coordinate y mm 400
Length of the shelf manipulator's path m 78,44
Length of the shed (2 sheds) m 4,72
The manipulator's stroke m 2,66

The length of the fork's shifting out m 0,62



Microlift

loading

the manipulator's wcight - mobile part

the weaght of lifted parts of the manipulator
the column's weight

the weight's weight

the lift's weight

the fort drive's weight

the fork's weight

the weight of fork's shiffted parts

m = 0,06

m, = 630 kg
m, = 6200 kg
m, = 1018 kg
m, = 1596 kg
m, = 755 kg

m, = 815 kg

m, = 210 kg
m; = 372 kg

m;, = 100 kg
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1. INTRODUCTION

1.1 What is FMS

First concept of FMS (Flexible Machining Systems) invented by the
Director of R D at Molins, Deptford, London - Theo Wiliamson - planned
to use NC (Numerically Controlled) machines to carry out a series of
machining operations on a wide range of workpieces. The idea was to make
a system combining the flexibility obtained by computer-controlled
machines applications with very low manning levels. Workpieces were
manually loaded on pallets and then the automatized operations continued:
- movement to the machines
- loading
- tools selection from a magazine added to each machine
- machining workpieces
- clearing swarf
- washing workpieces

This concept with the advent of robots and other computer-controlled
equipment can be applied to other processes in any manufacturing industry.
The common elements of FMS, computer-controlled machines, sensors and
monitors; automated transport with robots and unmanned trolleys and
automated warehouses, can be combined into whatever system is needed
and such combination gives a prospect of operation for 24h a day, perhaps

unmanned at night, instead of usual 15 or 20h.
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Figure 1.1 The principle of FMS: Machines can work on variety of
components unmanned, with automated tool and workpiece changing.
Delivery of workpieces by unmanned trolley

Most of the early examples of FMS have been in machine shops
based on CNC (Computer Numerical Control) machines but the concept
could apply to a robotic assembly line, foundries, press shops, injection
moulding shops inspection and test and others. In other words, whatever

the process, the question is not whether to turn to an FMS, but how to do

it.

1.2 Reasons for FMS applications
What are the advantages of FMS ? Applying FMS into any
manufacturing process is the way how to slash drastically the hidden costs
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Figure 1.2 General functioning principles of FMS

of manufacture (work-in-progress and overheads such as indirect labour)
and thus obtain a high return of company's capital investment.

The research (by Cinnati Milacron) has indicated that on average the
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workpiece in jobbing machine shops spends on the machine actually about
30% of a working day. The rest of the time is occupied with setting up the
machine, obtaining the material for the next job, sorting out, tooling, etc.
The cutting itself takes only about 5% of the time in shop.

The machine utilization is rapidly increased with FMS as one CNC
machine can carry out a large number of processes with only one setting
up.

Another feature of FMS reducing the overheads is the productivity
ncrease brought by extending the working shifts. Usual working day in
light industry plants has at present one (manned operation) or two (auto
industry) shifts. If there are about 240 working days a year, a plant with

two 8-h shifts operates for 3,840 h a year which mean 44% of available
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time. That time is shortened by breaks (to 41%) and stoppages and
machines breaks down at the shop, so that the final time of operation is
about 31% of available time.

With FMS the third unmanned shift can be introduced into operation and
the potential plant's utilization increases to 98 % of available time.

That massive jump in utilization means that the size and costs of the
actual plant can be much smaller - less then half the size of the
conventional plant. Reducing the size is supported in another way, too. If
the work-in-progress can be cut in half, then there is much smaller space
for stock and around the shops needed.

Finally, the FMS thanks to its flexibility meet the customer's
requirements as, for instance, short delivery time or quick model changes.

As a difficult point an obvious reducing of the number of people
employed can be considered. It's going to be a result of low manning levels
and although people may expect that higher productivity will reduce the
products prices and so in return increase the demand, this will hardly effect
on the reduction of the workforce.

On the other side, the workers skills will necessarily have to be
improved in regard to the requirements of computer programming and
control, tool and fixture management and maintenance.

The greatest change regarding the workers will however be positive,
shortening the working week can reach three days; two days and night, or

so. Even some people will perhaps be needed to work some nights or
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public holidays, those will be only few times a year.
Generally the main features of FMS can be summarized as follows:
1) Reduced plant size
2) Increased machine utilisation, which with (1) and (3) reduce overheads
3) Work in progress reduced by at least half
4) Unmanned operation reducing labour costs
5) Reduced setting-up time
6) Quicker model change
7T) Shorter delivery times
8) Consistent accuracy
9) Standardisation of techniques
10) Longer life of capital equipment
11) A route to CAD/CAM

13



The most suitable devices for supplying the FMS (Flexible Machining

Systems) by materials and workpieces as well as for transporting the
workpieces between stations are automated guided vehicles (AGV) for their
ability to reduce hidden costs. Those costs are caused especially by the
excessive stocks as a result of not well controlled amount of work-in-
progress, depending more on the operator's speed and efficiency then on the
defined lined of assembly; and as a result of higher scrap production from
unbalanced machines.

AGVs replace doubtful forklift trucks driven by drivers and they are
usually also more suitable then skid tractors (vehicles without forklift
systems) and unmanned forklift trucks. The choice of transport according
the situation in the plant is mostly between free-ranging AGVs, wire-guided
AGVs or rail-guided AGVs and conveyors.

Such transporting system combined from conveyors and AGVs brings
the lowest payment of operating costs and investment in compare with other
possibilities of combinations, as for example, combination of various kinds
of conveyors (monorail/chain, chain/roller) or a conveyor and a forklift.

Even the applications of AGVs vary according to the plants
production program (weight of workpieces), the FMS size and transport
requirements, there are some common advantages of AGVs. Automated

guided vehicles are suitable for almost any kind of product, they can be
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rerouted when the plant layout is changed and even a lot of planning and
simulation is necessary before installation, it's not so important to start with
a small system giving the practical experiences as with FMS. After
simulations (setting of: routings, No of trucks, optimized timing, etc) the
whole system can be installed all at once or piecwise if preferred.

In compare with conveyors, which are however still proper for small
assemblies continuous production of short cycles, AGVs are rather reducing
difficulties which can happen with conveyors. Conveyors provide more
space for failure, because there are turntables and transfers needed between
parallel conveyors so that a lot of working parts are involved. If some of
them fail and the conveyor stops, the whole transport system is stopped too.
On the other hand with AGVs the majority of the system keeps operation
in some case of fail.

While the conveyors keep moving to the next station and don't give
a possibility to push through some rush job except bypassing the system
with the use of forklift truck, AGVs can move forwards as well as
backwards and leave enough space for operator's access to the machines.

Finally, AGVs can load themselves while conveyors need a loader.
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Since the aim of FMS and AGVs introduction is the unmanned

operation, let's say the manned operation reducing, the automated forms of
the technological pallet's manipulating are desirable.

It's possible to divide the manipulating into two parts:
1) LOADING / UNLOADING pallets with workpieces as well as loading
and unloading the pallet's carriers by pallets.
2) TRANSPORT of pallets between the places of setting up and the
machine stations.
The way of pallet's manipulating depends on their arrangement into the
carriers and changers. There are three basic kinds of automated pallet's

riers:

- parallel, which is one of two twin-pallet

fa)
APCs common designs and operates in linear 5

movement. It is possible to place at first the

new workpiece by AGV at one station and then _E i B

remove the machined pallet from the other. Two

pallets in line can be moved independently. Fig. 3.1 Parallel pallets
carrier



- rotary, the other design

of twin-pallet APCs. Its larger and less
flexible than the parallel type. Before
loading a new workpiece to a station,

rotary APC must either have a place for

(b)

I

two pallets or the machined workpiece

Fig.

3.2 Rotary pallets

carrier

must be moved to an empty station.

- multiple, with four or twelve pallets
arranged on circular or oval tables, suitable
only for those FMS where the machining
cycles are long. When placed between two
machines, multiple-pallet carrier may be the
proper solution of handling the very large

workpieces.

Fig. 3.3 Multiple pallets
carrier
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vertical machining
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Fig. 3.4 A multiple pallet's carrier between two machines is a neat solution

to the handling of very large workpieces

18



The number of placed pallets, system transferring the pallets between
the carrier and the machine and the number of components contained in
each pallet influence the period of machining, i.e. the length of the
unmanned period. (carriers are loaded by pallets manually).

The mentioned conditions as well as the carrier's arrangement can be
modified with regard to each system's individual needs.

The loading / unloading operation is needed to be automated, too. So
that for the replacement of a new workpiece from the pallet to the machine
and on the contrary the machined workpiece to the pallet are required
devices operating continuously and this way reducing the lost time as well
as keeping the machining without breaks. The price of the device is also
one important point of view. Pallets and machines are loaded by an
extension mechanism, rotating arm, double-handed gripper carousel buffer,
carousels, robots, gantry cranes and other systems and their combinations.
The robot mounted on an AGV which is now under development seems to
be the satisfactory solution. It might be able to replace fourteen robots and
the gantry crane. Another improvement is possible in automatizing the
loading of workpieces on fixtures, which is still mainly the matter of
manual work. Application of small robots should reduce the manning, lead
time and costs of pallets and fixtures as rather smaller amount of
pallets/workpieces will be necessary to store. However even the FMS
installation with manual loading/unloading increase the productivity of the

plant and reduces it's costs.
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3.1. Description of the manipulator

The manipulator is adapted by its equipment to the following
operations:

A) Automatized - from the controlling computer through the
control system NS 850p

B) Partly automatized - from the operator's panel through the control
system with the possibility to add the controlling
computer which is determined for the running
operation's registration only.

C) Manual (Emergency) - from the emergency panel. In compare with
A and B, this operation's abilities are rather
reduced.

Automatized control of the manipulator operates on basis of
programmes prepared in advance and no operator's assistance is required
while when the operation is partly automatized the operator inputs the
information for the central control system from his panel.

In case of break down or introduction into operation the manipulator
can be controlled by'the manual control. This kind allows to execute the
manipulator's movement in both routs for all three axis. On the other hand
the operator has not the detailed information about the manipulators
position (visual only). It's superior to the other two controls.

Note: In further description number (x) refers to a number of

described part in enclosed drawings 3 3198 0001 and 3 3198 0002.
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The manipulator's travel buggy (1) moves on the railway with a use
of adjustable pulleys. The buggy's side guiding is managed by a system of
small adjustable pulleys rolling on the railways sides. The travel (2)
includes a reverse servo-motor Mezomatic and a transmission housing and
is firmly connected to the travel's buggy. The travel affords the
manipulator's movement on the railway via the gearbox (transmission) with
a help of a pinion meshing the rack ridge fixed to the railway (9). The
railway with the ridge itself is possible to be adjusted in two directions.

There's a column screwed down to the travel's buggy. The lift (7)
which executes the perpendicular movement of the lift's buggy (4) is placed
on the column. The lift contains a reverse servo-motor Mezomatic and
worm gear transmission. The chain wheel which meshes the double-strand
chain is fixed on the output shaft of the transmission. On one side of the
chain the lift buggy is fastened through the gripping system on the other
side there is a weight (8) guided on pulleys inside the column.

The lift's buggy is guided on the manipulator's column by adjustable
pulleys. Its fastened with the carrier. The lift's buggy affords fasting the
fork for the technological pallets manipulation. The fork (5) with it's drive
(6) is screwed down to the carrier. The drive consists of the reverse non-
synchronous motor and the worm gear transmission which drives the
cylindrical cam. This drive provides the fork's fluent pushing in and bulling

out on both sides with exactly specified length of path.
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Fig 3.7 Description of a FMS with maipulator of the technological pallets.

1- milling centre

2- exchange station

3- magazine

4- tool manipulator

5- carriage for transport from and to the tool shop

6- pallet exchanger

7- sliding table

8- pallet manipulator

9- washing machine
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The manipulator's lane is in the upper part overbridged by the fixed
frame. In the centre of the frame along the all travel and travel's buggy the
manipulator's upper guiding is fixed - the adjustable railway(10). The
pulleys of the lift's upper part roll on that railway.

The air compressor is attached to the column. Obtained air cleaning
the photoelectrical head of the pallets code reader. Electrical parts of
control, security and further functions are placed in the switchboard firmly
screwed down to the travel's buggy. There's a control system NS 850P
attached to the switchboard. The conjunctions with the controlling
computer, control system, emergency control desk and electricity source
are done by flat cables in the shelved stock's conduit. The cables are leaded
in a way which reduces needless curves during manipulator's movement.

Functional parts are joined by the main distribution system from the
switchboard. The rescue control panel is placed out of the manipulator to
give a possibility of the manipulators movement visual control. The
schematic drawing of the manipulator with one machining place shows the
Fig. 3.7. From the pallet's support places in the shelf stock the horizontal
(x) and vertical (y) coordinates system begins. Every support place in
coordinates x and y is specified by measuring labels with code numbers
placed on:

- the shelf stock: coordinate x (for both right and left sides)

- the manipulator's column: coordinate y

25
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The code numbers of measuring labels x and y make an absolute
measuring system. It's information supplies photoelectrical readers of x and
y measuring plates placed on the manipulator. Distances between the
support places neednt be constant but they have to be the basic modulus
multiplies. The manipulators movement control is so called "point-to
point". Measuring system is a combination of the direct and indirect
measuring. Indirect measuring by the Encoder MIME on the motor shaft
is in operation during travelling outside of the target area. Direct measuring
is derived from the measuring plates. This measuring plates also contains
the code (or address) of the storage cell. In the area of probable target
position the speed is automatically slowed down and on the measuring plate
the indirect measuring is switched to the direct measuring with the
measurement step of 1 mm which secures that the manipulator will stop
at the target in the centre of the target's area with the accuracy of + 1 mm.
The absolute measuring system of measuring plates completes the MIME
encoder placed on the Mezomatic drive. To prevent the manipulators
damage in case of break down the control computer's, control system's or
position sensor's there is the whole manipulator stopping (in all coordinates)
secured by the electrical limit switches. In case of their break down the
further manipulator's movement is limited by mechanical end stops (buffers)
which are hard or elastic in dependence on the movements energy intensity.
When two manipulators are used on the same path then they are secured

against their collision by the electrical limit switches and elastic end stops.
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3.2. Technical data

Basic technical parameters
Speeds and accelerations

The travel's speed (horizontal)
The lift's speed (vertical)

The fork's shifting out speed

The microlift's speed

The travel's acceleration (decceleration)
The lift's acceleration  (decceleration)
Paths

Repeatable accuracy

No of addresses in coordinate

No of addresses in coordinate

No of addresses in coordinate

Modulus of the shelf stock's cell

The minimal permissible distance between

measuring labels in coordinate x

The minimal permissible distance between

measuring labels in coordinate y
Length of the shelf manipulator's path
Length of the shed (2 sheds)

The manipulator's stroke

The length of the fork's shifting out
Microlift

28

m.s’' 2
m.s' 0,5
m.s' 0,25
m.s' 0,025
m.s” 1
m.s” 0,19
mm +1
X 69
y 3

z 2
m 1

mm 400

mm 400
m 78,44
4,72
2,66
m 0,62
m 0,06



Weights

Transported material: workpiece with the technological pallet TP 50-PVS
Loading capacity kg 630

Manipulator's weight - mobile part kg 6200

Total manipulator's weight kg 14510

Total weight of two manipulators on one path kg 21 270

Drives

Travel's drive: ~ MEZOMATIC 3 SHAT 160 L2 with the continuous
torque of 100Nm (which corresponds to 300 min™),
transmission with helical gears i = 2

Lift's drive: MEZOMATIC 3 SHAT 160 L2 with the continuous
torque of 100Nm (corresponding to 300 min"'), worm
gear transmission VSS Kogsice i = 25,5

Fork's drive: asynchronous motor 3 APB 90 8-4, power output 1,1
kW, worm gear transmission VSS Kosice i = 63

Total power input: about 45 KVA

health pr ion in _mani r's runni

The shelf manipulator satisfies all instructions and standards regarding the

lifting equipment and respects all paragraphs referring to the shelf

manipulators. The manipulator's operation is not placed on the manipulator

directly.
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3.3, Utilizati f shelf ioul
Utilization of shelf manipulators handling the whole manipulating system

according to the year's production.

Table 1. Utilization of the shelf manipulator I.

| 1 I
No Name shift shift shift
1 Average requirements /shift 164 164 -
2 30% increased No of 213 213 -
3 requirements/ shift 289% 28.9% -
4 I.manipulator's utilization
2/3 of requirements No reduced
of 5% (the weight of one simple
manipulation within the
framework of double -
manipulation) 205 205 -
5 1.manipulator's utilization 27,76 % 27, 76% -
6 Manipulating cycle 0,65min | 0,65min .




Table 2. Utilization of the shelf manipulator 11.

I 11 I
No Name shift shift shift
1 Average requirements /shift 167 167 128
2 30% increased No of
requirements/ shift 217 217 166
3 II.manipulator's utilization 29.4% 29.4% 22.5%
4 2/3 of requirements No
reduced of 5% (the weight of
one simple manipulation
within the framework of
double manipulation) 209 209 209
5 II.manipulator's utilization 28.3% 28,3% 21,6%
6 Manipulating cycle 0,65min | 0,65min | 0,65min
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Table 3. Utilization of one shelf manipulator handling the whole operating

system in accordance to the year's production volume.

| Il 11|
No Name shift shift shift
1 | Average No of manipulations 205 205 160
increased of 30% and reduced + +
of one simple manipulation's 209 209
weight, i.e. 5%
2 Reduced No of manipulation
requirements (27,4% are not
taken into use of one
manipulator) 301 301 160
3 Average simple 0,94min | 0,94min | 0,94min
manipulation's cycle
4 The manipulators utilization 589% 58,9% 31,3%
Note: Table 3 shows the possibility to use only one manipulator 630

for PVS TOS Olomouc. Use of one manipulator only would bring the

following disadvantages:

- In case of manipulator's break down the whole PVS would stop.

- There would not be possible bigger increasing of the manipulating
system's operating volume.

Data form the URSST Piestany research work No 74531 were used in

tables working up.



4. TIME ANA RANSPORTIN 5 A

4.1 Calculation of manipulating times of the manipulator's horizontal
travelling axes

Store

[1cell ]

2Cells

3Cells

LCells
S5 and more cells

w

Fig. 4.1 Horizontal travelling distances

0 1 7 3 -
Fig. 4.2 Horizontal travelling distances

33



If the manipulator goes for short distance (1-4 cells) it cannot reach
max. velocity. The servo is accelerating and it must start breaking before
reaching the max. velocity.

Then we can describe two cases of motion:

A) Short travelling distance:
The Figure 4.2 shows the situation when the servo starts breaking before

reaching the max. velocity.

1
v=at, s=—at
2

The equation for travelling time is valid for:

1) half distance:

25,

o]
2 a

2) Total travelling time at full distance:

2s
...... distance to travel (total distance)
SR half distance

.... acceleration

The acceleration at starting and the decceleration at breaking have the same

values.

34



B) Long travelling distance:

If the travelling distance is long enough the servo reaches the maximum
velocity and remains at this velocity for some time before breaking,
Servodrive then remains in one of the following states. Its velocity and

position are given by known equations.

accel.|deccel constant speed
v = at V=COHSIZVM
58 Lagt s=wit

2
a = const. a=0

vm
£SR3 s teh
a d a
2 2
1 avmu Vinax
S S8y Sl S =T
2 2 a? 2a
2) Ti travellin V= Vou

S .... distance to travel (total distance)

8, ... distance to travel at v = v

max

S.. = 55,754
VZ
max
= §, =8S-25 =5 =8 ——
P
Sa Sa

e
N



max
S—_.
F = 5o _ a 5 _‘Vm
0
Vinax Vinax Vo 4
s v
t, = ———
Vx4

3) Total time:
LEL R R =2 P
S
r
a v.. 4
v
I‘— S+mu
v a
in in A B:

The problem: At what distance occurs the case A ?
At what distance occurs the case B ?

= That switching point is s,,.



=) Yy=fitg)

Vo = f(t4)

v

1

Fig. 4.3 The behavior of the velocity.

2

/

/

~
-+

Flg. 4.4 The behavior of the position.
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v
v = at "‘a“az—l:—'i
s = la.t2
2
half distance:
v 22
S[=la(—1“— o BN
3 2 2a
full distance:
vZ
5. =25 = =
lim ; a
r ipulator:

Vox = 2 [ms'], a = 1 [ms?
Limit distance s, = 2°/1=4 [m]
Modulus of the store is m, = 1 [ml], so the S, equals the travelling over
4 cells.
When the travelling distance is shorter than S, (5 cells),the case 1

occurs. For the greater or equal distance (5 and more cells) the case 2

occurs.

For example travelling time r 1ls:

fs = lm_nx___'_i = g+£ = 2{-2,5 =
a v, 1 2
t; = 4,5ls]



Table 4.1 Real travelling times of the_manipulator 630 ) (start_from the cell

No of | Travelling No of | Travelling No of | Travelling
cells time [s] cells time [s] cells time [s]
1 - 10 6,5 19 11
2 2 11 7 20 11,5
3 2,82 12 1.5 21 12
4 3,46 13 8 2L 120
5 4 14 8,5 23 13
6 4,5 15 9 24 13.5
7 5 16 9.5 25 14
B 8 55 17 10 26 14,5

9 6 18 10,5 Z7 15




Table 4.2

No of | Travelling | No of | Travelling || No of | Travelling
cells time [s] cells [s] cells time [s]
28 153 39 21 50 26,5
29 16 40 ol 51 27
30 16,5 41 22 52 2] .5
31 17 42 225 53 28
32 17,5 43 23 54 28,5
33 i8 44 235 55 29
34 18,5 45 24 56 295
35 19 46 245 7 30
36 19,5 47 25 58 30,5
37 20 48 25,5 59 31
38 20,5 49 26 60 31,5
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4.2 Calculation of manipulating times of manipulator,s lift
g s
There are two cases of the vertical motion, too:
The first case:
When the lift's buggy is lifted up to the next cell only (short distance) then
however it reaches the max. velocity at that point it starts breaking
(decceleration).
The second case:
When the lifting distance is longer than 1 cell (2 cells and more), the lift's
buggy travels for some time at the max. velocity before breaking.
Voo = 0,5 m/s a = 0,19 m/s’

Switching point is:

2
V 2
s = Jmx _ 05 _ 435 (m]

i a ,19

Manipulating time for:
Im travelling S < S,,,, 2m travelling S > S,

A) Short distanc 1so 4):

S 1
A2 =2 —= =459
1, Z\J: 0.1 9 [s]
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g =g, = 03 o6
a 019
v
=3 e S 56
Voo @ 0a

Then for S=2[m]

-2 12,63-6,63(5]
0.5

4.3 Manipulating time calculation
When the manipulator stops at the programmed point, the fork's shifting out

on the path z; = 0,82 [m] at the speed v, = 0,25 [m.s"'] follows at time:

% 082
t, =L =222 =328 [s]
! v, 025

Than the microstroke of the fork on the path y,=0,06 [m] at the speed

v,=0,025 [m.s '] takes the time: (lifting the pallet)

t, = = 2,4 [s]

Ym _ 0,06
2 v

0,025
The fork is then shifting in at the speed v,=0,25 [m.s'] on the path

2,=0,82 [m] at the time:

Iy = r, = 3,28 [s]

L
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0,3 ‘max Ve
Va=ffa) Vo= (4g) V, = £ (4q)
03]
01 ﬁ
o }G ] *y
fa T 0 fa

0,665 133 1495 2.6¢

Figure 4.5

After the fork's shifting in the manipulator moves on to the next
programmed point.

Note: The pallet's code is read during that movement.

le 4 ipulating ti
No Manipulation Time t [s]
I The fork's shifting out 3,28
2 Microstroke 2,4
"3 The fork's shifting in 3,28
4 Total time 8,96
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5. CALCULATION OF SERVOS

Review of the old DC drive calculations:
1) r 's dri
The drive is realized by the pinion meshing the rack with the modulus

m=5. There,s a gear i=2 attached to the pinion.

MEZOMATI|C
3 SHAFT 180 |2
motor
23/3,5 46/3,5
F  F =
l 17/5
Fig. 5.1

No of the pinion's teeth Z = 17
| = 2 gears efficiency n, = 0,9

traction coefficient of friction f = 0,004

a) The total gear ratio
b o g M o 1517 _ 21,25 [mm.rad ']
2 2 2 2

iz = 2,125.10° [m.rad '}



b) The manipulator's mass reduction for the engine's shaft

J, = mij = (m,+m).iy

J, = (6200+630).(2,125.107%) = 3,084 [kg.m’]

J = 3,084 [kg.m?]

¢) Motor's moment of inertia
Joo =035 [kg.m’]
d) Total moment of inertia

J]:]”or - Jm+‘!mor = 3,084+0,35 = Mﬂ—zl

f) Travel's static torque

i i
L. B fom,_+m).g. =
1Mz M PR

M, =fmg.

2,125.107 _

0,004.(6200 +630).9,81.
0,9.0,9

M =703 [N.m]

.- coefficient of rolling resistance
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g) Dynamic torque

1

o = 3,434.47,06. =
My = T n,M, 0,9.0,9
M, = 199,51 [N.m]
h) Peak torque

M, = M +M, = 7,03+199,51 = 206,54 [Nm]

M, - 206,54 [Nm] M,< M,

i) Critical loading cycle

from the point of view of loading the servomotor has the following
characteristics:
- shortest possible cycle time T .
- longest possible acc./decc. time t,, i,
According to the manipulating times calculations for travelling over 4 cells
Accelaration and decceleration times (see in Fig. 5.2) are

t =t =2Isl

In accordance to the "manipulating times” (table 4.3) the period of
movement of the manipulator fork with the pallet is t, = 8,9 [s]. bin
greatest thermal loading occurs at horizontal motion over 4 cells without

vertical motion.
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Fig. 5.2 Travelling over 20 cells

..,

1

m

! §.|.i“| ;-H !'l- 8,9

|| | l._' I |i ' e

b 28 T d

Fig. 5.3 Travellmg over 2 cells

t,=1,-8,9 [s]
T = ti+t2+t3 = 2+2+8’9=
TI=129 [s]
According to the technical parameters of the MEZOMATIC 3 SHAT

160 L2 servodrive there are valid the following values:
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MINM Mp Mp

.

2001 ‘ T

Md-MO

100 1 |

h f f3
i

-

Fig. 5.4 Critical loading cycle

continuous torque
M (at 899 min")...0,77[Mn] = 0,77.100 = 77[Nm]
maximal torque

M,(at 899 min")...3,5(Mn] = 3,5.100 = 350 (Nm]

J) Equivalent torque for warming

The peak torque (M,) is greater then continuous torque (M,) so we must

calculate thermal loading of the drive.

| MM MY
eff - T

J (206,54)2.2+(199,51-7,03).2 _
12,9

M, = 111 [Nm] = 145 M,

—eff
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In spite of it designed drive can be considered as suitable. It is
necessary to take into account that the critical loading cycle will be
sporadic. According to the tables "utilization of the shelf manipulator” (tab.
1, 2 and 3) for there suppose to be one manipulation approximately every
2,5 min. Then the cycle time T is not 12,9 sec. but 150 sec. and equivalent
torque for this value is only M = 32,5 [N.m].

k) Pinion's rotations

1) The MEZOMATIC drive's velocity

n, = l__np = 24494 -
i

n, = 898,8 [min ]
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2) The lift's drive (servo)

The drive is realized by the chain wheel meshing the double-strand chain.
There's a worm transmission MKG 160-01-04-25x1500 (VSS Kosice)

added to the chain wheel.

clufch
\ transmission
—— — VSS Kosice

AEEOI*‘-MI( chain wheel

3SHAT 160 112\ | ,_—"

Fig. 5.5

- the real gear ratio of the worm gear transmission according to the
catalogue i = 25,5
- double-strand chain 20A CSN 023311, gauge distance t = 75 [mm]

diameter of the chain wheel's gauge distance circle

D, = tx = 31,75.5,4422 = 172,79 [mm]

- the transmission's efficiency n=0,82

a) The total gear ratio

iz = 3,39.10° [mrad)



b) The manipulators mass reduction for the motor shaft

Jog= (mo+m,+mp).i,2-
J 4 = (630+1018+755).(3,39.1073)” =

J_, = 276.1072 [kg.m?]

¢) Motor's moment of inertia
J, = 0,35 [kgm?)
d) Total moment of inertia

S,

ot = drea* I = 2,76.1072+0,35 =

1o = 03776 [ke.m’]

M,= [(mv+mo)—mP]AgA;15 =

3,39.10°°

=[(1018 +630)-755].9,81.
[« )-755] 0.82

M =362 [N.m]



g) Dynamic moment

M, =J

D Tor

£ . 0,3776.3005
" 0.82
M, = 2581 [N.m]

h) momen

M, = M,+M = 362+2581 = 62,01 [Nm]

M. = 62,01[Nm]

1) Critical loading cycle

t, = t, = 2,29 [s], 1,-8,96 [s] according table4.3

T = 13,54 [s] = t,+1,+t,

According to the technical parameters of MEZOMATIC 3 SHAT 160L2
Servodrive there are valid the following values.

continuous torque

M (ar 1409 min 1)...0,45[Mn] = 0,45.100 = 45 [Nm]

Maximal torque

M,(ar 1409 min '")...2[Mn] = 2.100 = 200 [Nm]



MINmJ

A

70 -
MP
35 MO
MO-MD
t t2 3 tls]
Sl —R— 5
T(travel’s cycle)
ig. 5.6

“alculation of equivalent toque for warming

- VMYt +(M,-M ) 1, +(M,)’ 14
eq T

M, V3845,24.2,29+(107,95).2,29 +1310,44.8,96 34 125 [Nm]
1 13,54

Equivelent torque is lower than continuas torque (45 Nm) -
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NEW DESIGN
- Horizontal drive
1) Estimated nominal torque of motor
- old motor: 100 Nm/300 rpm
77 Nm/900 rpm (limit of the torque at given velocity)
- new motor: 18 Nm/6000 rpm - nominal

18 Nm/5000 rpm - working point

60 Nm.22 10,8 [Nm)
5000

We tried to use motor Simens 1FT 5074
14 Nm/6000 rpm

working velocity = 5000 rpm

J, = 0,0037
a) Total gear ratio:
i, = M _ 2 38107 pmjrad)

w [rad)s] 5000. 2n

| J, = 6800.(3,82.10%) = 0,099 [kgm’]

Jm _ 0099
Jmoe 00037

Ll

Ratio 1./ = 26,8 is rather high for good regulation. We try greater

motor 1FT 5132.
|
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60 Nm/3000 Maximal speed
60 Nm/2600 Working point
J.o = 0,0464

* r_ratio:

- 22 - 7,35.10°?
2600. ™
60

" v
by
w

g, = 6800.(7,35.10°%)? = 0,367

Ju 0367

=79
0,0464

maot

The old motor was a little under-sized. The new one has nominal
torque on the pinion 3 times greater. It allows greater acceleration and
decceleration.

Drive Siemens SIMODRIVE Series 611 (AC drive, motor with rare
earth permanent magnets).

Motor 1FT5 132
M__ =120 Nm n

max

=3000 rpm

max

M, =60Nm m =75 kg
J, = 0,0464 kgm’ length =590
cross section 260

old motor velocity: 898,8 rpm

flew motor velocity: 2600 rpm (working point selected).
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We used the old gear and additional pair of gears

The pinion will have 20 teeth so the wheel will have 57 teeth. The ratio of
the additional gear box is then
7/20 =

Given: efficiency of 2 pairs of gears

1, =09.09 = 0,81

1, = 0,9 motcr

m = motor 1FT5 132 57

=
] = inertia of the motor 2( L6/3,5
|
1

J, = 0,0464 kgm’ 23/3.5

41105
ax = Max velocity Fig. 5.7 Proportion of the gears

Vaee = 3000 rpm
a) Total gear ratio

-
I

iy = 7,456.10* [m/rad]

b) The manipulator's mass reduction for the motor's sh

I, = miz = (m,om).i}
J, = (6200+630).(7,456.10 %) -

J. = 0,37969 [kg.m?|
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—
Standardausfiihrung mit Klemmenkasten

o5 —] 55 =
I
i)

&
I‘"
-
D220

Motoren 1FT5 132 bis 1FTS 138 Anschiufl uber Klemmenkasten Typ gk 230, 330 bzw. 420

Motar MaB k

1FT5 132 429

1FT5134 479

1FT5136 529

1FT5 138 604

Mal | Kiemmenkasien Typ gk
230 330 420

h N65 | 3305 | 332

u 86 86 86

v 17 132 162

w 122 152 162

¥ 585 72 a1

Pg 29 36 36/42

Fig. 5.8 Horizontal 1FT5132
¢) Motors moment of inertia
o = 0.0464 [kgm’)

d) Total moment of inertia

Ty = d 4, = 0,37969+0,0464 =

Tot

I = 0426 [kg.m?]

e) Angular acceleration on the motor shaft

- M, - 2,467 [N.m]

g = f.'g = .__-__l_____- = -2
i, 7456107
f) Travel's torque
ii"
M, = fmeg. -
NN,
Iy 7.456.1073
- f.(m_+m).g. - 0,004.(6830).9,81. 2222
fi(m,+m,).g i (6830) 0.9.09
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g) Dynamic torque

M, = Jo.e—— = 0426.134,120—L _ -
nm, 0909
M, = 705 (Nom
h) Peak torque

M, = M,+M, = 2,467+70,5 = 730 [Nm]

M, = T30(Nm] M,<M,,,

Peak torque is lower than maximum torque
As the peak torque is greater than the nominal torque, it is necessary

to check the motor's up warming during the working cycle according to the

Fig. 5.9.

1) Equivalent torque for warming

. \]_tf@’inf%-w_-a ]
eff T

_ | (73)2.2+(70,5-2,5)%.2
== S - M, = 39,3 [N
J 12,9 . 3 )



j) _The critical loading cycle

Hml'll L "F H:
70 - Md-Mo
35 .
+1 +9 sl
e 1

Fig. 5.9 Critical loading cycle

The equivalent torque is smaller than the nominal torque so the drive
will not be overheated during work.

Note: The drive is oversized from the stand point of the loading
torque. This provides the great inertia of the load to obtain good regulation
while the pinion rotation stays the same as in the old design.

k) ive's veloci

l-n 1

n=—

“ i, " 0,350.0,5

A=

n,=2568 [min '}=86% of I



NEW DESIGN
verti riv
2. The lifts drive
old design: motor velocity 1409 min’

nom. torque 45 Nm at 1409 min’

reflected inertia of the load 0,0276 kgm’
new design: max motor velocity 6000 min’

working velocity 5000 min’

neccessary nom. torque 45.1409/5000 = 12,6 Nm

motor IFT 5074 M, ., = 14 Nm

J, = 0,00367 kgm’
reflected inertia 0,0276(1409/5000)° = 0,00219
Reflected inertia nearly equal to the inertia of the motor gives the

best regulation capacity.

Possible new design of the gearing:

old gearing: worm gear 1:25,5

new gearing: 1/25,5.1409/5000=1/90,5=0,011

= a gearbox with the ratio 1:90,5 is not available.

In that case we have to use old worm gear transmission with the additional
gearbox. But for this motor is not available standard additional gear box.
Then we tray to calculate a new Design, becouse we want to use a pair of

aditional gears, so we use only 3000 rpm as working velocity of the motor.
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working velocity 3000 min’
additional gear ratio i, = 1409/3000 = 1/2.13
nom. torque = 45.(1409/3000) = 21,1 Nm
1FT5076 M,,,, = 36 Nm
M., = 18 Nm 4000 rpm max
Joor = 0,00509 kgm’

reflected inertia 0,0276(1409/3000)’=0,00609 kgm’

Gear ratio 1, = 20/43 = 1/2,15

The transmission's effect for new design n = 0,82 . 0,9=0,738

a) Total gear ratio

i gD ae 1 0473
T 2 y s

2,15 2
(000158 [mrad)

b) The manipulator's mass reduction for the motor shaft

Jred :(ma i m\' ! mp)“;
J,,~(630+1018 +755).(0,00158)*=

J =599.10"

<pid e

¢) Motor's moment of inertia

1000509 [kgm?]

61



Tr = Joog*d, = 5.99.103+5,09.10° =

T, 001108 [kgm?]

f) Moment for the stroke

iT
M‘,Z[(mv m,) —mp]_g_ ; =

-3
-[(1018+630)-7551.9,81. 12819 "
0,738

g) Dynamic moment

120,253 _
0,738

[

M,-J, .= -0,01108.
n

M,=1,8054 [N.m]
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h) Peak moment

M,-M,+M,~18,8+18-20,6 [Nm]
M_=20,6[Nm)

—_—e -

M <M, but M>M,, (18 Nm)

Because the motor used in the drive has permissible torque 22 Nm at 100
degree of Kelvin temperature raise it's not necessary to calculate equivalent

torque for warming.
I) The drive's velocity

1 1
el 4D rpmmss (40h=
a7 P50

43
n,=3029 rpm—

16% of motor's maximum velocity
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motor

20

L3

norm,

gear

Fig. 5.10

e

—u—

Pg- O

1$-'u
[

Lol

7 -

Wotaren 1FT5 072 bis 1FTS 076 Anschiull uber Klemmenkasten Typ gk 130, 230, 330 bzw 420

e

S012-2000

Motor Mai k
1FT5072 273
1FTS 074 323
1FTS5 076 ana
Mai Klemmenkasten Typ gk

130 230 330 420
h 20 206 220 218
u 103.5 1055 15 15
v 105 n7 132 162
w 10 122 152 162
¥ 525 585 72 8
Pg 29 29 36 42

Fig. 5.11 dimentioned sketch of the motors 1FT507x




6. CONCLUSION

Using the new drives with AC motors for manipulator shows this
motor to be smaller than the old one.

The second advantage of the new design is better J,/J. ratio which
brings better regulation capacity.

Tab. 6.1 Comparation of the new and old drives

HORIZONTAL DRIVE VERTICAL DRIVE

type 3 SHAT 160 L2 | type 3 SHAT 160 L2 (MEZ

(MEZ Brno) Brno)
OLD M, = 100 Nm M,.. = 100 Nm

m = 174 kg m = 174 kg

Liow = 70 A Lew = 70 A

type 1FT 3132 (Siemens) type 1FT 5076 (Siemens)

M,,. = 60 Nm M,,, = 18 Nm
NEW m = 75 kg m = 21 kg
.. =60A L. =30A

The difference between old and new horizontal drive, which 1s about
100 kg, causes the difference between their working areas.

The same result is caused by the difference between vertical drives,
which is 150 kg.

The difference in nominal currents leads to smaller and cheaper

amplifier.



700 4 i i

-

Fig. 6.1 Old DC motor

N

max

[ntermifte

M
nom

Mmax

Fig. 6.2 New AC motor
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