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Abstract

Current materiad handling systems exhibit anisotropic behavior. That is, their two planar degrees of
freedom require different amounts of force input from the operator. Movement of these devicesis
correspondingly difficult.

One of the three most prevaent materid handling devices, the jib crane, is sdlected for research into
creeting isotropic motion. A platform for this research is created with two intended future directionsin
mind. Thefirg direction cregtes isotropy by floating the boom over theload. The second direction
adds a powered trolley and is capable of providing power assist to actualy accelerate the load.

The thesi's walks the reader through the design of the platform. Selection of the jib crane is followed by
the design and sdlection of a servo motor and transmission capable of supporting both future directions.
A cable angle sensor and ultrasonic distance sensor provide the intelligence necessary to achieve
isotropy.
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1 I ntroduction

Entrance into the durable goods manufacturing plant of today is marked by the dominance of overhead
materia handling systlems. The purpose of these devicesis Smply to help workers move objects,
weighing from 30 pounds to 100 tons, from one point to another. The overhead materia handling
systems discussed here have three degrees of freedom (DOF). The two degrees of freedom in the
horizonta plane are provided by motion of beams and trolleys, while the third, vertica degree of
freedom is provided by ahoist. There exist three such types of systems.

Thefirst 3-DOF materid handling device and the one which isthe subject of thisthess, isthejib crane,
depicted in Figure 1.1. An anatomical description begins with the mast. Figure 1.1 shows a mast
which is secured to the floor, but other types of masts can be mounted to awall or celling. A rotationa
joint permits the boom (tranducent in the figure) to rotate about the mast. While Figure 1.1 shows an
axle and bushing typejoint, joints with two or more hinges (like on adoor) are common. There are
two types of booms: enclosed track booms (shown in the figure) have a channd in which atrolley rides.
This design kegps the rolling surface dean, sgnificantly reducing ralling friction. The greater stiffness
per unit mass of the I-beam boom provides increased capacity, greater span, and dightly lower inertia
A hybrid boom combines the stiffness of the I-beam with the low friction of the enclosed track by
stacking two such beams on top of one another. To finish up the description, atrolley trandates dong
thisboom. A cable or chain, often in conjunction with ahoist, suspends aload from the trolley.

hwrn ran
Upgut i-.r_n[

lisw = gl
rolley

1A,

el

Figure 1.1 Jib Crane Anatomy This figure depicts the parts of atypica
jib crane. The boom is shown tranducent for clarity.
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A variant of the sandard jib crane isthe articulating arm jib crane, shown in Figure 1.2. It hasno
trolley and thus no boom. Insteed, it hastwo armsjoined by a

pivot joint, which dlows up to 360 degrees of rotation of the P— T Y Y%

second arm relative to the first. There is an attachment point at W

the end of the second arm for achain, cable, or hoist. The | T

advantage of the articulating arm over the standard jib isas C
than that of a comparable boom. This means motions Crane

perpendicular to the boom’s length on a standard jib crane
require more force. Forces adong the boom on a standard jib crane, however, often require less force
due to the even lower inertiaof thetrolley.

The two other types of overhead materid handling machines are the gantry crane (Figure 1.3) and
bridge crane (Figure 1.4). Both types have arail (identica to aboom) and trolley smilar to those on
the jib crane. On the gantry crane, though, therail isrigidly attached to two supports which roll aong
the ground, often in tracks. On the bridge crane, one or two rails form abridge across two fixed rails.
In Figure 1.4, the oneral which formsthe bridge is shown in ydlow. This bridge then has two or four
trolleys a each end to alow movement dong the fixed rails.

The three materia handling machines exhibit a tradeoff between high load capacity and low space
infringement. The cantilevered mount of the jib crane givesit alower capacity than smilarly szed
gantry and bridge cranes, where the boom is supported at both ends. This same characteridtic,
however, dlowsthe jib crane to take up significantly less floor space. The bridge crane necessitates the
congtruction of alarge frame around the perimeter and/or over the top of its rectangular work space.
The gantry crane usudly necessitates the mounting of track (for safety reasons) and the existence of the
two mobile supporting columns aong its rectangular workspace. In contrast, ajib crane merely
requires the mounting of a dender mast at the center of a circular workspace or the attachment to awall
aong asemicircular workspace. The large rolling mass of the gantry crane crestes a safety problem
and often necessitates powered motion; thus it is generally restricted to outdoor applications where the
use of tracks dlow for long

Figure 1.3 Gantry Crane Figure 1.4 Bridge Crane
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distance movements. For thisreason, jib and bridge cranes are the most prevalent overhead materia
handling devicesinside assembly plants.

For each handling device, the two horizonta DOF differ in fed. For the jib and gantry cranes, motion
aong thetrolley’ s direction of travel requires rlatively littleforce. Similarly, on the bridge crane,
motion along the bridge isrelatively easy. But for the jib crane, moving perpendicular to the boom's
length is complicated by the boom’ s rotationd inertia and the boom pivot' sfriction. For the gantry
crane, this perpendicular motion is very difficult due to the large inertia of the crane, and as Sated
earlier, often requires power assigt. Findly, for the bridge crane, it isthe large inertia of the bridge and
resulting increased rolling resstance in its trolleys that make the perpendicular motion more difficult.

Low speed power assst has been added to each of these difficult motions: rotation of the boom on ajib
crane, trandation of a gantry crane, and trandation of the bridge dong the fixed rails of abridge crane.
The control of this power has been limited to smple push button on/off switches and control agorithms
which provide adow gart and sop to minimize load swing. The anisotropy exhibited in the different
motions remains

Thislack of isotropy makes it difficult for workers to move an object from point to point. The worker
must congtantly vary the gpplied force as the desired direction of motion changes. To think of this
phenomenon in different terms, consider around stick half immersed in apool of water. It isvery easy
to move this stick through a curved trgectory. The forces resisting the motion are independent of the
motion’s direction. Now consider a paddle (which cannot be rotated) immersed in the poal. Itis
consderably more difficult to move this paddle through the same curved trgectory. The human must
continualy adjust to the changing resistance forces. Increasing the viscosty of the fluid will exacerbate
the problem. Thisis andogous to increasing the Sze and/or load of a materid handling system.

Thus, idedly, overhead materid handing devices would exhibit isotropy. Thet is, the fed of the device
would be independent of the direction in which it was pushed. That leads into the objective of this
theds: to design and congruct a platform for an intelligent power assis jib crane which can exhibit
isotropic dynamic behavior throughout its workspace. The next section in this thess will wak the
reeder through the design of thisintdligent materia handling system.



2 Design Analysis

To begin the design andysis, refer to the coordinate system defined in Figure
2.1. Thisisan overhead drawing of the same jib crane depicted in Figure 1.1.
The origin of the coordinate system is atached to the trolley. The postive
radid direction points from the trolley to the free end of the boom, while the
positive tangentid direction points in a perpendicular direction which would
correspond to counterclockwise rotation of the boom about the mast. The
positive vertica direction, not shown in the figure, is Smply up, out of the page
in Figure 2.1.

The unit system of choiceisnormaly S, For this design, though, the BG
(British Gravitationa) system is chosen for saverd reasons. Firg, the
dimensions of most acquired components arein inches. Second, in America,
the available English components far outnumber their metric counterparts.
Findly, and mogt dgnificantly, the machine shop available to the author uses
primarily BG units. Though the author prefers S, its selection would have
unnecessarily complicated the design process. Keep in mind that the
gravitational congtant which complicates work in the EE (English Enginesring)
system does not arise in the BG system. Conversion factors from the BG
systemto Sl are provided in Appendix C.

tatigential (t)

rauial (1)
All currently available jib cranes have a passive trolley; the trolley isfreetoral Figure 2.1
aong the boom. In alow friction enclosed boom, radiad movements fedl Coordinate System

admodg asif theload isfloating in ar. To make the jib crane smotion

isotropic, thisfloating in ar feding will have to be extended to the tangentid direction. This can be
accomplished by using power assg a the pivot to angularly accelerate the upper pivot, boom mount,
boom, and trolley to provide alinear acceleration equa to the F/m acceleration the operator is
imparting to the load. The boom and other components will thus follow the accderating load and the
operator will not fed their presence.

But current, pardlel research into power asssted trolleys suggests different needs for an isotropic
transformation. Though afloating in ar feding may sound nice, the user is il required to provide the
force to accelerate the load, which can be very large. The addition of a power assst trolley dlows
someto dl of this operator pushing forcein theradia direction to be handled by the crane. To makea
Jjib crane with a power assigt trolley gppear isotropic additiond tangentid acceleration isrequired
because now the load aso has to be accelerated. In fact, alot more acceleration isrequired. Equation
2.12, an expression for the jib crane' s moment of inertia (derived later), shows that the addition of a
200 Ib load increases the moment of inertia that must be accelerated by afactor of 9.

Theinitia control srategy applied to the jib crane platform will be to smulate an isotropic fed with a
passvetrolley. Thiswill only require acceeration of the boom, trolley, boom mount, and upper pivot.
The platform will be designed, however, to be capable of aso acceerating the suspended |oad and thus
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will have the potentid to provide an isotropic fed to
ajib crane with a power asss trolley.

Jib Crane Sdection

Thefirst step in the design processisto choose the
jib crane. Articulated arm jib cranes are not
consdered due to their lack of arigid boom and . .
- Figure 2.2a Bushing S
trolley. Floor mounting is chosen over wall or Joint Figure 2.2b Hinge
celling mounting due to lab condraints. Thefact Joint
that floor mounted jibs cranes are the most prevaent further supports this
decison; research results will then be more widely gpplicable. The desire for low radid rolling
resistance and the lack of need for a high load capacity or span, leadsto the selection of an enclosed
track boom. Findly, the type of joint is chosen based on the ease with which power assist can be
applied. Referring to Figure 2.2a, agear, pulley or sprocket could be inserted between the blue upper
pivot and red boom mount. A motor could be attached to the mast and would alow 360 degrees of
rotation of the boom. The hinge joint, shown in Figure 2.2b, complicates matters by moving the pivot
away from the center of the mast and introduces the mast as an obstruction to the side hinge mounted
boom. 360 degrees of rotation isimpossible. A bushing joint is thus chosen.

Thejib crane shownin Figures 1.1, 2.1, and 2.2a as atypica example, isthe actud jib crane sdlected.
This crane, modd 900J, is obtained free of charge from Zimmerman Handling Systems, adivison of
Ingersoll Rand. Itis9 7" tal, and has aboom length of 8. 1ts maximum capecity is 200 pounds.
Refer to Appendix A for further details.

Acceleration and Ve ocity Goals

To determine the desired torque and speed for the boom’ s angular rotation, experiments are
performed. Thejib crane had not yet arrived, so the tests were conducted on afixed rail of an existing
bridge crane, as shown in Figure 2.3. 150 pounds of weight are attached to a passive trolley similar to
the one which will be first employed on thejib crane. An
accelerometer is attached to theweights.  The weights are
accelerated back and forth a arate which feelslike the
maximum that would be desred. Data acquired from the
accelerometer shows the maximum acceleration to be 0.15
g'sor 4.83ft/s°. Thisisset asthe design god for the
maximum linear acceleration of the tralley in the tangentid
direction.

To determine the maximum velocity desired, theweights are e =11

moved dong therail a again what fedslike the maximum B s
desired speed. A stopwatch and marked off distance Figure 2.3 Velocity and Acceleration
determine this velocity to be 3.3 ft/s. Experimental Platform



Figure 2.4 Components of the Jib Crane which Add to the Rotational Moment of Inertia about
the shown Axis

The“what fedsright” is based on trips to an automotive powertrain plant and Zimmerman Handling
Systems. Multiple jib cranes were operated by the writer and the operation of severd jibs by plant
personnel was observed.

Mass Moment of Inertia Calculations

Recdlingthat T =1"", to determine the torque that needs to be applied to the boom to accelerate the
trolley at the desired linear acceleration, the moment of inertia of the jib crane s moving parts about the
axis shown in Figure 2.4, is determined. Since this value must be determined before the jib crane has
arrived, it is done theoreticaly rather than experimentaly. The parts which contribute sgnificantly to the
moment of inertia about the gationary mast include:

1. Moving part of pivot (blue)
2. Boom mount (red)

3. Boom (slver)

4. Trolley (green)

5. Load and Cable

The colors reference the parts shown in Figure 2.4. The 3-D drawing is done after the jib crane
arrives, but isincluded here for clarity.

Mass Moment of Inertia of Upper Pivot

The geometry of the moving part of the pivot is not yet known. Employing a wordst-case assumption, it
ismodeled as the combination of two solid cylinders:

cylinder 1 dimensons. 6.63inx 2in (HxR)
cylinder 2 dimensons %2inx45in (H x R)

Assuming a medium-carbon stedl, the masses are...

m=prhr (2.19)
@& __slugo

m, = p(2/121)°(6.63/12 ft)gls.z% = 0.733slug (2.1b)
slugo

PR 0.280slug (2.1¢0)

m, = p(45/121t)°(05/12 ft)§8152



The mass moments of inertiaare...
2

| 1
=-nr
2

ly = §(0733s|ug)(2/12ft)2 = 001025 ug xft?

o :%(QZSOdug)(45/12ft)2 = 001974 ug xft>

The combined moment of inertiais...

= 002994 ug x ft?

I pivot

Mass M oment of I nertia of Boom Mount

The geometry of the boom mount is closaly approximated by modeling it as the combination of the

following shapes, progressing from the bottom to the top:
solid cylinder: 0.75inx45in (HX R)

pardldepiped: 1.3inx 14inx9in(HXW xL)
negdive! paraldepiped: 1.3inx 1.4inx5in (HxW x L)

pardldepiped: 3.5inx35inx9iNn(HXW xL)
negdtive pardldepiped: 35inx35inx5in (HXW x L)

The masses are...

) 2 & __slugd
My = pr2hr = p(45/12ft) (0.75/12ft)8152m = 0.420slug

M alielepiped — Pwir

slugd
ft* g

&
my, = (L3712 ft)(14/12ft)(9/ 12 ft)g 152 = 0144slug

slug
ft®

& 0
My = (13712 ft)(l4/12ft)(5/12ft)8152 * = 00800slug

The moment of inertia of some shapesis most easily caculated by subtracting an easily

cdculated vaue from another.

(2.23)

(2.2b)

(2.2¢)

(2.3)

(2.49)
(2.4b)

(2.4¢)

(2.4d)



duai
m,, = (35/12t)(35/12ft)(9/ 12 ft)§e15.2 ftufg = 0970slug (2.4¢)
ua
my, = (35/12)(35/121t)(5/ 12ft)§152%§ = 0539slug (2.4f)
The mass moments of inertiafor the individua geometries are...
1, 1 2 2
|y = S = E(O.420$|ug)(45/12 ft)* = 0.0295slug xft (2.59)

| netpr = %mpl(""ﬁl + |§1) i 1_12m"P1(Wrfpl ¥ l“zpl) - %(0144s|ug)[(l4/ 2 ft)z ' (9/ o ft)z] (2 5b)

. 1_12(0_ogoogug)[(14 112 t)° + (5/12 ft)z] = 567x10"*slug x ft?

. % (o, +12)- % (e +12,) = 1—12(0.9703Iug)[(3.5/ 121t)" + (9112 11)’] (250

: %(0.5399 ug)|(3s/121t)" + (5/121t)°| = 0.04078lug xft?
The total mass moment of inertia for the boom mount is then smply the sum of these three values...

I = 0.0759slug x ft > (2.6)

mount
Mass Moment of I nertia of Boom

The boom ismodeled as along dender rod of equa mass. The mass of the 8 foot boom is...

_ & Ib0zlslug §
Mhoom = (8ﬁ)8 790830 2105

= 186slug (2.7)

[t's moment of ingtiais..

looon = %m_z = —;(1.8661IJ@1)(81°t)2 = 307dug xft? (2.8)

To gpproximate the error in the modeling assumption, the same procedureis
carried out on the cross section shown in Fgure 2.5, which is smilar to the
ZRA?2 designated cross section of the Zimmerman boom. The exact and
dender rod assumption mass moments of inertiaare caculated and the
percent error is only 1 percent, thus the caculated moment of inertiaiis
deemed close enough.

Figure 2.5 Cross
section for error
andyss



Mass Moment of Inertia of Trolley
The geometry of thetrolley is quite complex. It is modded as athin rectangular plate with the following
dimensons
smplified trolley dimensons 8inW x 6inHx 1inD
Since the moment of inertia added by the pardld axis theorem (which is easily caculated from the
known mass) far exceeds the moment of inertia aout its own axis, the trolley geometry smplification

should not affect results Sgnificantly. The mass moment of inertiaof the trolley about the mast will be a
function of r, theradid distance of the trolley from the mast axis..

1
| aey = Emw2 +mr? (2.9)
_i E]SUQO 2 :I-SUgO 2 = -3 2 2
e, = 35BS 2 (8/12ft)° + (BEb—:2r? = (63340° + 0171r* )shugx i (2.10)

Note that a the minimum radia distance of one foot, the mass moment of inertia of the trolley about its
own axis makes up less than four percent of the tota moment of inertia, thus vaidating the geometry
assumption.

Mass Moment of Inertia of Load and Chain

Theresearch jib crane will likdy not include ahoig, therefore it isignored in thisandyss. Since the
moment of inertia of the hoist and chain aout their own vertica axisis negligible compared to the
moment added by the radia distance, they could be incorporated into the mass of thetrolley. Sincethe
load is free to rotate about its own vertical axis, the mass moment of inertia about its own axisis
ignored. The load’s mass moment of inertiais..

I, =mxr?=(W/322)r® slugxft? (2.12)

load

Total Moment of Inertia

Addition of the previoudy cdculated momentsyieds..

Lo = oot * Dot * Tooom *+ Nttey * lioas = 00299+ 00759 + 397 + (633x10°° + 0171r?)
(2.12)

W 66 >
ooms V9T

+(W/322) xrc =398+ r 171+
( ) 2 ga 2?0

The mass moment of inertia of the jib crane€ s moving partsis thus a function of both the trolley’ s radid
position and the weight of the load. As previoudy stated the inertia of the load is not accelerated in an

9



isotropic jib crane with a passive trolley; the operator acceleratesthisload. The load would have to be
accelerated, though, in the proposed isotropic jib crane with a power assst trolley in which the load is
accelerated.

Design Torque

Recaling the linear acceleration god of 0.15 g's or 4.83 ft/s?, the desired angular accderation is...

ft 1 4831
=483 = — = (213)

a
a=—
r
Again recdling the familiar equetion...

T=1 (2.14)
where: T = torque applied to the boom
| = the total mass moment inertia of the moving parts of the crane about the mast
"' = angular acceleration of the boom about the mast

subgtitution of known vauesyidds...

W §024.830

_& 2 & )0 .
T= 839.8+ r 80'171+ 32.2!313% . ialb x ft (2.15)

tocgue s
(b

- -i""'b;rJ 4

= - s 0 -
. . X . PN
radial posiion (D weisht (Iby

Figure 2.6 Torque Necessary to Achieve Acceleration
Goal asa Function of Trolley Radial Position and
Load Weight
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Referring to Figure 2.6, this function reaches a maximum vaue of 271 |b-ft a the maximum radid
position and maximum weight. Thisis the torque required to acceerate the load with no help from the
operator. In apassivetrolley system, the operator provides dl the force to acceeratetheload. Ina
powered trolley system the operator provides afraction of thisforce. To ensure enough power is
available, the 271 Ib-ft value assuming no operator assist is chosen asthe design god.

Design Angular Speed

Recdl that the linear gpeed god is 3.3 ft/s. The desred angular speed, in rpm, of the boomis
determined from...

~ve0
s (2.16)

andisplotted in Figure2.7. It isdecided that movements inward of a1 ft radid postion are not
necessary, so the maximum desired angular velocity of the boom, corresponding to aradid position of
11t is31L5rpm.

,ju-;"n
b
5!
: A
als 3
E‘j_: I"|
:
20
angular P
speed = %
(rpm) f
.-i' I-\.\
"
sl .
a- -
o 5uii =
i i
5 e
: —
B- e
: —
1- _——
1 2 3 4 5 5 ‘ 5
radial poasition (fi)

Figure 2.7 Desired Angular Speed as a Function of the Trolley' s Radial
Position

Transmission Type Selection
To tranamit torque to the boom atransmisson dement will be inserted between the blue upper pivot
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and red boom mount, as shown in Figure 2.8. The power source to which this transmission connects,
assumed to be amotor, isaso shown in the figure. The manner in which this motor attaches to the
mest is discussed later. Three key characteristics are sought from the transmission: high strength, ability
to handle misdignment, and synchronization. The high
drength requirement is obvious from the need to
transmit 271 |b-ft of torque (that’s more torque than
the Ferrari F355's engine produces). Misdignment
must be handled due to the inevitable flexure of the
motor mount. Usualy amotor is attached to a plate
which aso contains the bearing for the other end of
the transmission, making dignment easy and flexure
minima. Noticein Figure 2.8, though, that thisis not
possble. Infact no smple method for ataching the
motor is gpparent. So flexure must be
accommodated. Finaly, a synchronous drive, onein
which the rotationa podtion of one transmission
element relative to another is guaranteed, is desired.
Slippage could result in poorly controlled Figure 2.8 Location of Transmission
performance and a very dangerous Stuation.

Transamssinn
lement
maertion pomnt

Four types of transmissions are congdered: belt, cable, gear, and rollerchain. The spans of belts
between their pulleys generdly dlows for smal misdignment. Synchronization can be achieved by
toothing the belt. But neither synchronous toothed flat belts, nor nonsynchronous untoothed flat belts or
V-belts are capable of handling the torque requirement.

Cable transmissions are the most unusud of the four. Referring to Figure 2.9, two ends of acable are
secured to the ends of a section of pulley. The middle part of the cable is then wrapped around the
smaller pulley severd times. The power transmission is dependent upon the large frictiona forces
generated by the wrapping of the cable. Slippage is possble, though, so the transmission is
nonsynchronous. The transmission aso does not accommodate misdignment well. Little design
information is avallable for cable drives. Though cable with enough strength is certainly avallable, the
tight wrapping of high strength cable is not recommended. So employment of a cable drive would
involve consgderable uncertainty. Findly, while the workspace of thisjib craneis only asemicircle,
many industria applications employ afull 360 degree
workspace. A cable drive cannot provide 360 degrees
of mation of the large pulley.

Gear trangmissons, the most common in high load
goplications, provide the strength and synchronization
attributes sought. The problem arisesin the need for
precise dignment. As mentioned earlier, the motor

able Transmission

Figure 2.
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Figure 2.10 Chordal Action [1]

and transmission’ s other end cannot be attached to a common plate, asis usudly done with gears.
Some type of arm will have to be extended from the mast. Thus, the dignment required for gears
would be very difficult to achieve. On the other hand, if amotor mount could be cast into the pink
lower pivot, a gear transmission might be the best selection.

Many types of chain transmission exigt, but rollerchain is by far the most widely used. It is best known
for its employment on the bicycle. The sted chain and sprockets provide the necessary load capacities.
Like on belt drives, misalignment is accommodated by the distance between sprockets and flexure of
the chain. Findly, synchronization is provided by the toothed sprockets. Rollerchain has the three
sought attributes and is thus the selected transmission.

Rollerchain does exhibit an undesirable attribute called chorda action. Referring to Figure 2.10a, when
aroller chain link isfirst fully seated in a sprocket, the center of the chain isa achordd radius, r..

After the sprocket has rotated through an angle of 2,, the center of the chain is now at the sprocket
pitch radius, r (Figure 2.10b). The difference between these two radii is called the chordd rise...

= = = e

(2.17)

where N isthe number of teeth in a sorocket. The effect of chordd action is variation of the
transmission speed ratio as the effective sprocket pitch radius varies betweenr and r.. In aproperly
designed drive thisfluctuation is for the most part absorbed by the eadticity of the chain. The
phenomenon aso becomes less significant with decreased peed. The boom’s maximum angular speed
of 3L.5 rpmis conddered low. The sgnificance of chordd action is addressed later in the design
andyss. The explanation isfrom [1].
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Rollerchain Selection

Thefirgt step in sdecting arollerchain is the determination of aservice factor. Thisvaue is multiplied by
the normal operating power to get adesign power. The factor accounts for the various types of loads
and operating conditions. Different reference sources will give dightly different values, but for a
reversing application with frequent starts and stops the suggested service factor is generdly 1.5.

Next, the norma operating power is conservatively estimated by multiplying the maximum desired
torque by the maximum speed...

&® 0
P = (2711bx ft)(315pm)§2?£dg§één;gg o = 169 (2.18)
$550——,
Multiplication by the service factor gives the design power...
p, = (19(163hp) = 244hp (2.19)

It isimportant to note that this power valueis very conservative. Itisactudly apesk vaue. It will
never be seen for aggnificant amount of time. But, redlizing that failure of the chain could have
catastrophic results, conservatism is gppropriate.

Rollerchain power rating tables, which give the design power as afunction of small sprocket teeth
number and small sprocket speed for each chain size, are then used to determine what size chain to
sdect. Figure 2.11 shows the table for 9ze 60. The samdlest Sze which satisfies the desgn power is
employed in order to be economica and minimize rotationd inertia. Assuming

3/4" Pitch No. 60
Teser;ha?l" Revolutions per Minute — Small Sprocket
Sprocket 50 100 200 500 700 900 1200 1400 1600 1800 2000
11 0.77 144 2.69 6.13 8.30 104 119 9.41 7.70 6.45 551
12 0.85 158 295 6.74 9.12 114 135 10.7 8.77 7.35 6.28
13 0.92 173 322 734 9.94 125 152 121 9.89 8.29 7.08
14 1.00 187 349 7.96 1038 135 17.0 135 111 9.26 7.91
15 1.08 201 3.76 857 116 145 188 150 123 103 877
16 116 216 403 9.19 124 156 20.2 165 135 113 9.66
17 1.24 231 430 9.81 133 16.7 216 181 148 24 | 106
18 131 245 458 104 141 17.7 229 19.7 16.1 135 115
19 1.39 2.60 485 111 15.0 188 243 214 175 146 125
20 147 2.75 513 117 158 198 257 231 189 1538 135
21 155 2.90 5.40 123 16.7 20.9 27.1 248 20.3 17.0 145
22 163 305 5.68 130 175 220 285 266 218 182 156
23 171 319 5.96 136 184 231 29.9 284 233 195 16.7
24 179 335 6.24 142 193 24.1 313 30.3 248 20.8 178
25 1.87 350 6.52 149 201 253 32.7 322 264 221 189
26 195 3.65 6.81 155 210 26.4 341 342 280 234 200
28 212 395 7.37 16.8 22.8 285 37.0 382 313 26.2 224
30 228 426 7.94 181 245 30.8 39.8 24 347 29.1 248
32 245 456 852 19.4 263 330 27 46.7 382 320 273
35 2.69 5.03 9.38 214 29.0 36.3 471 534 437 36.6 313
40 311 5.81 108 237 335 420 544 625 534 447 382
45 353 6.60 123 28.1 38.0 47.7 61.7 70.9 63.7 534 456
Type A Type B Type C

Figure 2.11 Rollerchain Power Rating Table
14



a4:1ratio (implying 126 rpm) and a minimum of 15 teeth on the small sprocket, no. 60 rollerchainis
the correct sdlection. The pitch, 3/4 inch in this case, is Smply the distance between roller axles. If itis
found later that alower transmisson ratio is required, alarger Sze chain must be chosen.

With the chain Sze tentatively chosen, the next step is to choose the number of teeth on the sprockets.
But the motor and possible motor gearhead selection depend on the rollerchain transmission ratio.
Therefore, instead of prematurely deciding on sprocket sizes, the possible ratios will be explored.

Allowable Transmisson Ratios

The large torque and relatively low speed requirements of this gpplication indicate that the transmisson
should be a speed reduction. For low speed operation, it is recommended that the small sprocket, the
one on the motor in this case, should have no fewer than 15 teeth. With fewer teeth, chordd action will
become a problem. The large sprocket size must be larger than the 9 inch diameter boom mount and
upper joint between which it ismounted. A minimum pitch diameter of 10 incheswill avoid

interference. Any Szelarger than 10 inches will infringe on the trolley’ sinner radid motion, so the Size
should be minimized. With No. 60 rollerchain, a 60 tooth sprocket has a diameter of 14.76 inches.
Thiswill diminate about 3 inches (14.76/2-9/2) of the trolley’smotion. Thisis decided as the maximum
acceptable infringement, setting 60 teeth as the maximum size of the large sprocket. The maximum
Speed ratio isthus 4:1, obtained by selecting 15 and 60 tooth sprockets. Ratiosdownto 1.1 are
obvioudy dso possible.

Motor and Gear head Selection

With the dlowable transmission ratios now known, sdlection of the motor can begin. The type of motor
isthe first design decison. A servo motor is certainly required. A servo motor is differentiated from a
regular motor smply by its feedback control of position, velocity, or torque. Servo motors are
availablein both AC and DC versons. This differentiation only refersto the current applied to the
motor.  In both cases, the current supplied to the motor’ s drive, which converts this current for
gpplication to the motor, is 115 VAC single phase or 230 VAC single or triple phase. AC servo
motors are mechanically smpler than their DC counterparts and thus tend to be more durable. They
aso tend to offer ahigher efficiency. For these reasons AC servo motors will likely be the motor of
choiceinthe future. But at the present time, AC servo motors in the 2 hp range are consderably more
difficult to control. This difficulty leads to higher priced drives. So for economy and ease of control,
the DC servo motor is selected.

There are two main types of DC servo motors. brushed and brushless. The differenceisin
commutation, the control of motor phase currents or voltages in order to optimize motor performance.
Brushed motors use mechanicaly contacting brushes for commutation, while brushless motors employ
electrica feedback. Thislack of mechanica contact makes brushless motors more durable. Brushless
motors aso tend to be more adaptable than brushed motors. Thus the DC brushless servo motor is
selected for this power assst application.
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To determine the manufacturer of the motor, resources such as ThomasRegister.com and

Globa Spec.com are utilized. The latter dlows searches based on numerous criteria. Other than motor
type, parametersincluding continuous output power, Size, optiona equipment, and feedback type may
be entered. Once the manufacturers which offer suitable DC brushless servo motors are found, in
depth information is available at the company’ s website or through aliterature request. A company by
the name of Kollmorgen, which supplies the most comprehensive online documentation and customer
support is tentatively decided upon.

Thefirst sep in selecting the actud DC servo motor isto find models with continuous power ratings
around the continuous operating power caculated previoudy...

&® 0
_ ®2pradgelmingé 1hp T
pno = (272bx1t)(315 pm)g=" = e — 7o = 163np

3550 s @

The DC brushless servo motors found with a continuous power rating around 2 hp are observed to
have maximum speeds from 1400 rpm to 6000 rpm and stal torques from 1.6 Ib-ft to 4.6 Ib-ft.
Recollection that the maximum desired angular speed of the boom is 31.5 rpm and the maximum
goplied torque is 271 1b-ft produces the following overall transmission ratios:

1400rpm _

aiapm - 44
6000rpm _
3i5pn - 10
271ft xlb
=170
16
271ft ®b
= 589
46

Thus the rollerchain’s maximum 4:1 ratio must be supplemented with a gearhead on the motor. If the
maximum 4:1 rollerchain ratio is chosen, the gearhead must have aratio from 11:1 (44.4/4) to 48:1
(190/4). Thus the motor sdlection is put on hold, while gearheads are investigated.

There are three main types of gearheads. spur, planetary, and harmonic. Spur and planetary gearheads
are differentiated by their extensve use of spur and planetary gear sets, respectively. Spur gearheads,
though, are generally viewed as poor choices for servo motors due to their large backlashes and poor
efficiencies. Planetary gearheads, on the other hand, have small single stage backlashes of 3 arc
minutes and double stage vaues of 10 arc minutes. Thelr efficiencies are d o rdatively high, a 90% for
single stage and 85 % for double stage units. They offer single stage reduction ratios up to 10:1 and
double stage ratios up to 100:1, right in the desired range. They are far and away the most commonly
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used gearheads for servo motors.  Harmonic drives are used when larger reduction ratios, 80:1 to
320:1 are desired. All ratios provide less than 3 arc minutes of backlash, but have poor efficiencies
ranging from 50 to 80 percent. Harmonic and planetary gearheads are smilarly expensve. The
planetary gearheed is thus chosen for its high efficiency, reatively low backlash, and ided reduction
ratios.

A brief discusson on the sgnificance of backlash isnow carried out. A two stage planetary gearhead
has amaximum backlash of 10 arc minutes. Backlash vaue for arollerchain transmisson cannot be
found, but are assumed low due to the numerous amount of teeth engaged in the chain a any onetime.
Thusthe rollerchain’s backlash is not consdered here. The movement at the end of the 8 foot boom
corresponding to 10 arc minutes of backlash at the gearhead output is...

ldeg 16, 12in

——8ft = 0070in
60arcmin 49 ft

g-= s'n?LOarcmin

whichisavery sndl vdue.

Gearheads can be purchased from many manufacturers, but it makes the most sense to buy them from
the motor manufacturer. That way the gearhead is designed for the actua motor purchased and it can
be attached easily. An adapter plate may have to be made for a different manufacturer’s gearhead. So
Kollmorgen gearheads are investigated. Since a gearhead ratio of at least 11:1 is needed, a double
gtage unit is deemed necessary. These units are available in ratios of 20:1, 50:1, and 100:1. Their
minimum efficiencies, as dated earlier are 85%. The rollerchain transmisson has an efficiency of about
90%. To determine the true power needed at the motor, the normal operating power must be divided
by these two efficiencies...

- P 16 213hp 222
metOf ) htransmi ssion ) ( 0'85) ( O'%) ) ( . )
000 ;
Now, to actually select amotor, the 5 - Lz Lmi
amallest mode with a continuous i
power exceeding 2.13 hp isfound. — ™ ;E |‘-|1|;
Thismotor, model B-206-B/M-207- FE
B has the torque curve shown in g 160 it
Figure2.12. Thesolidcurveisfor & b.d-)- L YA
operation on 230 VAC, whilethe  * ]
lower dotted lineisfor 115 VAC Rl Py R
operation. Theverticd lineat a i Duty Zerte dernitend |l
torque of 4.6 Ib-ft separates the - Lty Zone
continuous duty zone from the . .

. . T . . T T T T T T T T 1 1 1
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maximum speed by its continuous TORQUE 17T T 7117

<l t . th : 71 2 8 2 56 7 591!3 'I11E 1:.31!’- 151lﬁ 1|?1:31:E'EIEIN-’|‘
orque gives the continuous :
queg Figure 2.12 Torque Curve for Selected Motor
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power rating of 2.45 hp. The sdl torque, which isthe amount of torque that can be developed when
the rotor islocked in position, isthe norma design parameter. Notice in Figure 2.12 that the sl
torque of 4.6 Ib-ft is avalable continuoudy at dl rpms. This motor, the smallest Szed model which
supplies over 2.13 hp should provide the most economica choice, but severa factors must be checked
before it is chosen.

Fird, it isdetermined if an overdl transmission ratio can be achieved which will supply the needed
torque and speed. A 20:1 gearhead with a4:1 rollerchain (60 and 15 tooth sprockets) transmission
would supply the following vaues...

11
Wioom = 507 x2800rpm = 35rpm (2.23)
20 4
Vooom =77 x0.85x0.90 x4.61b x ft = 282Ib xft (2.24)

which satisfy the design goals. A 50:1 gearhead with a60:37 (60 and 37 tooth sprockets) rollerchain
transmission would also work...

1 37
= — x—x2800rpm = 34.5rpm 2.25
Wboom 50 60 p p ( )
50 60
wom = 7 %37 x0.85%0.90x4.6lb x ft = 285|bx ft (2.26)

But further investigation into the gearheads reved s that the 50:1 modd is incgpable of handling the
motor’ s continuous torque. The amplifier must be compensated to limit the motor’ s performance. This
compensation will deliver atorque of only 178 Ib-ft to the boom. The continuous torque and maximum
gpeed ratings on the 20:1 gearhead do not limit the motor’ s performance, meaning 35 rpm and 282 1b-ft
of torque are attainable.

With the motor and gearhead sdlected, the next part of the servo system needed isthe drive. It
contains the power and control eectronics. Like the gearhead, it is easest to order the drive from the
same manufacturer as the servo motor. Interface with the motor and feedback device are smple.
Extensive control capabilities and safety devices are included. Thereis one drive for the sdlected motor
and its capabilities match those of the motor. The driveis discussed further in alater section.

The final part of the system is the feedback device. Two types are available: resolver and encoder. A
resolver acts like arotating transformer to provide an andog signd with position and velocity
information. An encoder uses an optica source and sensor to provide adigita signa with position and
velocity information. A resolver tends to be more robust, but an encoder is decided on since the
author’ s laboratory has more experience with this type of feedback device,
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The sze of the motor and gearhead is checked. The width of the square cross-sectioned gearhead and
servo motor are both about four inches. Thus they will not complicate the mounting to the 5 inch wide
medL.

Inertia Matching
Inertia matching is a process which optimizes amotor’ s acceleration cagpabilities. The god isto get the

motor’ s rotor inertia multiplied by the square of the overall transmission ratio as close as posshble to the
inertiaof the driven load...

I
load > 1 (2.27)

— — >
I, Xtrangrission_ratio’

rotor

The gearhead should be included in the andlyss, but thisis made virtualy impossible by numerous gears
with various moments of inertia rotating with various angular Speeds. Thusit is neglected. Foresight,
with knowledge of the load’ s very high inertia, suggests that the procedure may not be successful.

The motor chosen comesin two versions. The B-206-B has alow rotor inertia of 1.85 x 10 dug-ft?
The M-207-B has alarge rotor inertia of 1.3 x 10 dug-t2. Knowing that the load’ sinertiais very
large, the latter motor is consdered. Recdl the load' s moment of inertia..

W 60 2
32 255 Sug Xft (2.28)

- §39.8+ r2§0.171+

I total

Insertion of the average radid distance of 4.5 feet and the average weight of 100 Ib yields...

@ 2 10066 _ ,
o =398+ (4511) §0171+ o255 108slug xft (2.29)
The inertiamatching ratio becomes...
1 ft?
06dug xft - 127

(13)(10'3 slug x ftz)% (230)

Keep in mind thet the inertia of the load changes with radid position and lifted weight. Repetition of the
above cdculation showsthe ratio to vary from 5:1 to 54:1. Increasing the transmission ratio improves
the inertia matching ratio dramaticaly, but any increase in the ratio will not dlow the design velocity to
be achieved. Though the vaues are far from idedl, the velocity god is deemed more important than
inertiamatching. The motor will smply not operate optimally with respect to load acceleration.
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Regeneration

The find topic addressed in the servo system sizing is the often overlooked need assessment for
regeneration. Therotating jib crane has alot of kinetic energy. When the motor decel erates the crane,
this energy is pumped back to the drive. The bus module capacitors within the drive are capable of
gtoring a certain amount of energy, but if the amount of energy sent back to the drive exceeds this
capacity, the remaining energy must be dissipated by aregeneration resstor. If aregeneration resstor
is not supplied when needed, the results will range from blown fuses or tripped relays to damaged bus
capacitors and drive trangstors. Asis common practice, the eectricad quantitiesare measuredin §
units. The value 1.356/2 gppears in place of the expected %2 for unit converson. The procedureis
from [2].

The amount of energy that the bus module can soreis...

Epx = %c(vjm V2 ) (2.31)
where: C = bus module capacitance (F)

V max = Mmaximum bus voltage (V)
V hom = NOMind bus voltage (V)

Subdtituting supplied vaues...

Epe = %(0.00164F)[(390\/)2- (325/)°] = 3813 (2.32)

The amount of kinetic energy in the sysem minus system lossesiis...

1 1 1
B = T I 2 TR I W SR - ST (2:33)
where: J,, = motor rotor inertia (dug-ft?)

J = load inertia (dug-t?)

T ., = motor speed before deceleration (rad/s)
T, = load speed before deceleration (rad/s)
|, = motor current during deceleration (A)

R, = motor resistance (S)

ty = decdleration time (s)

T; = friction torque (Ib-ft)

Thejib crane pivot joint exhibits very little resstance. Thusto be conservetive, the friction torqueis
assumed zero and the last term drops out. Due to the presence of the squared angular speed term, the
kinetic energy of the load is grestest when its speed is greatest. This occurs when thetrolley isat its
minimum radia position. Thus the speed of 31.5 rpm and corresponding moment of inertia of 46.2
dugt? are used. To determine the deceleration time, assume the boom is decelerated from its top
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desired speed at the maximum desired rate...

QAaxdesred _ 4.8t 1 7

a = = 48rad /
[ min 1ft
315 rad/ s
t == P os6rom _ 06875
dc T a " 48rad /S
Subdtitution of these values gives...
. 13%6 (000135ugx1t?) 5815 80 rad/sd” 1356, o 1?5y Irad /sb’
m = T ORI RS M T e pmy T 2 VeSO KIS Mg e e

3 2
- E(G.OA) (2.32W)(0687s) = 614J + 340.8] - 861J = 3161J

Because this energy is greater than the storage capacity of the bus module capacitors, aregeneration
resstor isneeded. There are two steps to select an appropriate resstor. Thefirst step isto caculate
the maximum res stance which will kegp the bus modul€ s voltage under its maximum...

V2
R = Vi1, /3
where: V, = motor back EMF less motor losses (V)
and
V, = KN - ﬁlm%
where: K, = back EMF constant (\V/krpm)
N = motor speed prior to deceleration
Subdtitution of vaues gives...
Ry = (300v)* = 904W
F69.0/ / krpmx252krpm- V3160A 2'322W26.0AJ§

Thus the resistance of the regeneration resistor must be less than or equal t0 90.4 S.
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The second and final step in Szing a regeneraion resistor is to determine the necessary wettage rating.
Thisvdueis given by the following equation...

E_. 1(:(vr,f V2

_ 2 (2.40)
Pa\,g = t
code
where: Pag = average power that must be dissipated (W)

Vs = hysteresis point—point a which regeneration. circuit opens
t.y0e = time to decelerate plus time between decelerations

The cydetimeisfound by assuming the following worst case scenario. With the trolley at the innermost
posgition, the boom is accelerated at the maximum desired rate until the top speed isreached. Thenitis
immediately decelerated a the maximum desired rate. The process then immediately repesats itself.
Thiswould result in acycle time of 1.37 seconds, twice that caculated in Equation 2.35. The average
power dissipated becomes...

31617 - :—2L0.00164F[(390/)2 - (370v)?]

P = 137s = 2220

(2.41)

Thus the regeneration resstor should have a power rating of 222 W and a resstance less than or equal
t090.4 S. But the largest regeneration resistor offered by Kollmorgen has a power rating of 200 W.
Redlize that adding only 0.15 seconds to the cycle time would make the 200 W rating acceptable. A
human delay time of 0.15 seconds could easily be judtified in the shift from maximum acceleration to
maximum deceleration. Thus the 200 W regeneration resistor, with an acceptable resstance of only 20
S issdected.

Continuation of Rollerchain Transmission Design

With the servo motor, gearhead, and drive chosen, the remaining portion of the rollerchain transmisson
design is addressed. No. 60 sprockets of 60 and 15 teeth have been decided upon. It isverified that
the 15 tooth sprocket can be bored out to accommodate the 32 mm shaft and 3mm. x 10 mm keyway
of the servo motor. The metric system is reverted to here since the motor is designed with it and the
diameter of the bored out sprocket must be extremely accurate. The small sprocket is specified with
hardened teeth, as recommended for any sprocket with less than 25 teeth utilized in a heavily loaded
system. Note that the 4:1 reduction ratio is less than the maximum recommended ratio of 7:1.

Rollerchain Verification

With the motor, gearhead, and rollerchain specifications now known, a second rollerchain selection
processis carried out to verify the correct selection. Called a chain-pull andysis, it is often used on low
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gpeed tranamissions. To be conservative, the pesk sdl torque is used in place of the continuous sl
torque. Thisisthe maximum torque that could possibly be transmitted to the boom. The motor’s pesk
gdl torque, which can be verified by viewing Figure 2.12, is 13.6 Ib-ft. This corresponds to atorque at
the small sprocket of ...

200

Caman_sprica = (085)5—(1361bx ft) = 231bx ft 242
e 7

Divison of thistorque by the small sprocket’s pitch radlusylelds..

231lb xf
_ 28tbxit =1537Ib

Ferain = 360? %lft o) (2.43)
"€12ins

The average tendile strength of standard No. 60 rollerchain is 8500 Ib. It isrecommended that a safety
factor of 6 be used. Thiswould imply the following chain tensle strength is required...

S= 6x1537Ib= 9222Ib (2.44)

Thusit is decided to choose a high strength version of No. 60 rollerchain which has atensle strength of
10,000 Ib.

Center Distance

The next step is determination of the center distance of the rollerchain drive. Thisisthe distance
between the sprocket centers. To avoid interference, this distance must be greater than the sum of the
gprockets' radii, but to ensure proper chain wrap around the small sprocket, this distance must be
sgnificantly greater. It isrecommended that for reduction ratios greater than 3:1, the center distance
should be greater than the sum of the sprocket diameters...

d, 3 @ sprocket_diameters = 398in + 14.76in = 1874in (2.45)

Dividon by the chain’s pitch of 0.75 in. and upward rounding gives the minimum center distance as 25
pitch lengths. Thisvaue is needed in the following equation to determine chain length...

N+n, 01013(N - n)?

L=2C+
c 2 4C

(2.46)

where: L = chainlength in pitches
C = center digtancein pitches
N = # of teeth in large sprocket
n =# of teeth in smal sprocket
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Subdtitution of vaues gives...

60+ 15 01013(60- 19°

> X5 = 895pitches (2.47)

L= 2x25+

If the number of linksis an odd number, an offset link, which reduces the load capacity of the chain by
30%, must be used. Thus, an even 90 pitch chain length is chosen. Due to the necessary rounding to a
whole number of pitches, the new center distance must be calculated...

60+ 15 (60- 15) (2.48)

90=2C+ + 01013
4C

Multiplying through by C and bringing everything to the same Sde yidds...

2C?- 525C+51283=0 (2.49)

Solving this quadratic equation gives a C vaue of 25.234 pitches, which corresponds to a center
distance of ...
&075n0

d, = 25234p|tche58 Stchs =18925n (2.50)

Motor M ount

With the motor, gearhead and rollerchain transmission now fully specified, the motor mount is designed.
The design, shown in Figure 2.13 incorporates adjustability, accurate initia orientation, and good
resganceto flexure. All parts are made out of duminum for ease of machining. The motor atachesto
the yellow plate, which didesin horizonta dotsin the two diagona ams. A movement of 3/4 inch, the
pitch of the chain, is critica for two reasons. First, a mid-sgpan movement of 2-3% of the distance
spanned between sprockets is recommended for reversing rollerchain transmissions (the chain cannot
be perfectly taught because of chorda action). This mid-gpan movement varies greetly with even small
changesin center distances. Thus, adjugtability is required to achieve the desired mid-span movemen.
Second, rollerchains stretch over time. Adjustability is required to account for this deformation of the
chain. A movement of 3/4 inch, combined with the ability to remove pairs of 3/4 inch links, alows for
infinite adjugtability. Keep in mind that Snce the chain is at adight angle to the motor plate’ s direction
of travel, remova of two links will shorten the center distance by less than 3/4 inch. Four set screwsin
the diagond arms fix the pogition of the motor plate. Boltsin the end of the plate prevent it from
dipping out of the dots.
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Figure 2.13 Motor Mount

The accurate orientation of the sprockets relative to one another is critical to prevent the unnecessary
gpplication of loads to the chain and to achieve the maximum efficiency of the transmisson. Accurate
machining of the dotsin the diagonad amsisthefirs sep. Second, a horizontd referenceam is
inserted between the purple mast and pink lower pivaot. It issSmply atached through the six existing
holesin the pivot and mast. Thisarm helps the orientation by supplying a surface guaranteed parale to
the large sprocket. Dowd pins accurately position the diagona arms and attached motor plate relative
to the horizonta reference arm. The attachment of the diagona arms to the mast is smply for structura
reasons, not for pogitioning.

Findly, the triangular structure formed by the mast, horizontal 144 1b
arm, and diagond arms makes the motor mount extremely iff. 5201b

An accurate deflection andysisis not carried out, but smple

experimenta tests, involving forces smilar to those generated 499 1b
by a maximum torque, generate no apparent deflection. The
forces applied to the small sprocket by the chain under
maximum continuous torque are found from a chain pull
andyss and geometry of the transmission and are shown in
Figure 2.14. Rough caculations and large safety factorsare  Figure 2.14 Forces on Small
used to size the motor mount components and bolts. Sprocket from Chain

All components of the motor mount are made by the author viaa combination of manua and computer

numericaly controlled machining. The collage of picturesin Figure 2.15 shows afew of the stages.
The finished product, attached to the jib crane, is depicted in Figure 2.16
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Figure 2.16 Motor Mount, vo Motor, and Rollerchain
Transmission
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Electrical Enclosure

The drive and regeneration resistor are placed insde a sheet meta enclosure to protect people from the
high voltages, to provide a suitable platform for grounding, and to protect the components from
damage. Figure 2.18 shows the enclosure with al hardware mounted. The white pand in the back
attaches to the enclosure and serves as amount for the components. The description starts with the
termina block on the lower Ieft part of the drive' s front panel and progresses from bottom to top. The
black wire attaches one of the drive's ground terminds to the pand’s centrd grounding point. The
brown and blue wires attach to the 40 A circuit breaker mounted to the side of the enclosure. A 115
VAC plug comes off the other end of the breaker and plugs into a standard outlet. The ground for this
plug attaches to the back panel’s ground. The two white wires attach the regeneration resstor to the
gopropriate terminas. The black, white, and blue wires are the three phases of high voltage current
send to the motor. Findly, the top black wire is another grounding point.

Now progressing from top to bottom on
the right side of the drive, the

description continues. The LED
disolays system gatusinformation. The
first cable attaches to the serid port of a
computer. All system variables can be
st and the drive controlled viathis
cable ether through the supplied
Windows software or through adumb
termind. The plug below thiscableis
the motor
feedback cable,
supplying encoder
information. A
cablefor the static
holding brake,
which can be
used dynamicaly
in emergencies,
aso runsthrough
thiscable. 24V
DC must be
gpplied to the two
wiresto release

thebrake. The :
next terminal Figure2.17 Dead  Figure 2.18 Electrical Enclosure Hous ng Dr|ve and

block contains the Man Switch Regeneration Resistor
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configurable inputs and outputs for the drive. The position, velocity, or torque control variable can be
read from one of these andog inputs. An enable circuit, which must have 24 VDC gpplied acrossit is
aso located here. Two of the inputs are configured for clockwise and counterclockwise limit switches.
The switches are normally closed and have a 24 VDC potentid applied across them. The enabling
current is run through switch A in the dead man’s switch depicted in Figure 2.17. Both of the switches
in the joystick are normaly open. The current for the holding brake runs through switch B. If ether of
the limit switches is opened or switch A is opened (trigger released), even momentarily, the drive
disables and decderates the load to a stop using the maximum continuous torque. In an emergency
stuation, switch B can aso be opened to provide an even faster stop.

The thin bar attached to the left Sde of the back pand iscaled aBUS bar. The power cable, motor
current cable and motor feedback cable have their outer sheath removed at the point where they cross
this bar and have their shieds attached to the bar viaclamps. At the center of the bar, aflat braid of
copper dectricaly ataches the bar to the back pand and enclosure. The purpose of this system isto
provide a high frequency ground. Norma wire grounding will not provide a sufficient ground for these
high frequencies. Finaly, careistaken to separate the sgnd cables from the high voltage power cables.
The former are run out the top left of the enclosure, while the latter leave the box at the bottom | eft.

Sensorsto Add Intelligence

The servo motor, transmission, and drive give the jib crane the cagpability of power assigt in the
tangentia direction. Now sensors are added to supply the intelligence which will give the passive trolley
system the potentid for isotropic behavior. To know the torque that should be applied to the boom,
two variables must be known: the intent of the operator and the vaue of the variable moment of inertia

Cable Angle Sensor

To sense the intent of the operator, the angle of the cable suspending the load will be measured. The
cable angle sensor and enclosure are depicted in
Figure 2.19. Two blue arms extend down from
the green Zimmerman trolley. They attachto a
gray enclosure shown tranducent in the main
drawing on the right and opague in the rotated
view on the left of Figure 2.19. The two green
plates represent the cable angle sensor
circuit boards. The top board contains
the sensor’ s circuitry, while the lower
board contains four sets of coiled
inductors. A current from the top
board runs through the suspending
cable. If the cableistilted fromits
verticd orientation, avoltage isinduced in the
coiled inductors. The top board collects this

Figure 2.19 Cable Angle Sensor and Enclosure
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signal and outputs a voltage directly proportiona to the cable' sangle. The purple top is secured tightly
to the enclosure with 24 screws to prevent flux leskage from the coiled inductors. Further information
on this sensor can be found in [3]

Aswith the motor mount, the cable angle sensor bracket and enclosure components are CNC
meachined by the author The finished product is shown in Figure 2.20a from below and Figure 2.20b
from above. In the latter figure, notice the excitation current (purple wire) attachment points directly to
the cable below and to the frame above. A Flexiglas shield isinserted above the circuit board to
protect it from possible damage. One eectrical cable houses the wires for the 24 VDC used to power
the sensor and the other contains the four wires carrying the two axis sensor’s output. Figure 2.20b
aso shows the combination thimble and clamp used to attach the high strength hoist cable to the
trolley’sbolt. While the trolley and cable have a capacity of 1000 Ib, the thimble reduces this to 600
Ib, fill well above the jib crane s 200 Ib limit. Washers are used to ensure the thimble does not dide
aong the bolt.

The cutouts in the enclosure are 2 in diameter holes, while those in the circuit boards are squares with a
2indde. Leaving space for the low profile thimble and clamp, the enclosure is mounted as close to the
trolley aspossble. This maximizes the alowable cable angle before the cover is hit. Illusirated in
Figure 2.21, the maximum alowed angle from verticd is...

e 1 0
= tan *¢————= = 116°
d 48759

AT

Figure 2.20 Cable Angle Sensor and Fabricated Enclosure
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) With a 200 Ib load, this corresponds to a maximum push of ...

P... = Wtang = 200ibtan(116°) = 410lb (2.52)

1 which should be more than adequate.

Figure2.21
Cable Angle
Calculation

Radial Position Sensor

The cable angle provides the intent of the operator. To determine the appropriate torque to apply to
the boom, the moment of inertiais dso needed. Recdling Equation 2.12, this moment of inertia varies
with radid trolley postion. Converson from desired linear acceleration to boom angular acceleration
aso requires the radia pogtion. Thus a sensor must be added to measure the trolley’ sradia position.

The desired attributes of the radia position sensor are lack of interference with the trolley’ s motion, low
cost, and robustness. Accuracy of less than atenth of aninch is deemed unnecessary. Three types of
position sensors are considered: reded cord, laser, and ultrasonic.

A redled cord position sensor physicaly attaches a cord to the device being measured. The deviceis
both inexpensive and robust. However, like on atape measure, aretractile force is necessary to draw
the cord back into theredl. Thus, this type of sensor gpplies aforce, which generally increases with
measured distance, to the measured object. Because of the very low rolling friction in the radid
direction, this type of sensor is deemed unacceptable.

Laser postion sensors send out anarrow pulse of light and determine the distance to the reflecting
object by measuring the time for the pulse to return. The motion of the trolley is thus not interfered
with. The measured object must reflect light, but the shiny metallic surface of the cable angle sensor
enclosure is perfect. Laser sensors are aso robust, but at a price of afew thousand dollars, are judged
too expensive.

Findly, the ultrasonic sensor issSmilar to its laser counterpart, except is sends out a sound wave instead
of alight wave. This change in technology alows a more reasonable price of $200 to $500. Likethe
laser sensor, an ultrasonic sensor does not interfere with the motion of the measured object. Two
possible problems exist in the area of robustness. The first deds with the variation in the speed of
sound. In contrast to light, sound needs a medium to travel in and the speed of propagation varies with
the medium’s (air’ s) temperature. This potentid problem is solved by selecting an ultrasonic sensor
with temperature compensation. The second potentia problem isthat air forced through anozzle
creates awhistling sound with harmonics in the ultrasonic range [4]. This could be a problem with the
prevaence of pneumatic devices, such as hoigs, in materia handling environments. The effect is
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minimized by selecting an ultrasonic sensor which emits a high frequency (low waveength) sound wave.
Thus the two uncertainties in the area of robustness can be dedlt with and the ultrasonic sensor is
chosen to measure the trolley’ sradia position.

Numerous manufacturers of ultrasonic sensors are found a ThomasRegister.com. Every sensor
investigated has a beam angle of 8 degrees or more. This presents a problem. Referring to Figure
2.22, the beam angle is the tota included angle of the conica pattern formed by the emitted sound
wave. The angle of the beam in Figure 2.22 is 5 degrees and produces a circular pattern on the target
with the following diameter...

abeam_angley

&5 0
d = 2 xtarget_ distanceXtang > = 2x67in Xtang?jﬂ = 585n (2.53)

i

A larger beam angle would produce a conical pattern which could include other objects, particularly,
the boom. If any of these objectsincludes a surface, even asmal nick, perpendicular to the sound

Figure 2.22 Conical Beam Pattern of Emitted Sound Wave
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wave, it isthe distance to this false target which will be measured. Thus abeam angle of 5 degreesis
desired. The sensing range must be around zero to 75in. An

extensve search finds an ultrasonic sensor made by Honeywell which has a beam angle of 5 degrees
and asengng range from 7.87 into 78.7 in. Though it is at the upper end of the pricerange, it is
chosen for these optimal characteristics. By selecting the smdlest beam angle available, another
problem isaso solved. The smal beam angle is obtained by using a higher than norma frequency (low
waveength) sound wave. As mentioned earlier, thisis the type of sound wave which will experience the
least amount of interference from sound waves created by pneumatic devices.

10 to 30 VDC powers the sensor and the output can be read as either a4-20 mA or a0-10 V signd.
The resolution of the device, 0.017 in, is more than adequate for this application.

The most convenient place to mount the ultrasonic sensor is directly under the boom. At this position,
the cable angle sensor enclosure presentsitself as an excdlent target. The ultrasonic sensor is shown
mounted in Figure 2.23. The casng isSmply athreaded cylinder. The mount is designed to ensure the
sensor points directly at the cable angle sensor enclosure. Figure 2.24 depicts the sensor’ s mount.
Accurate machining of surfaces A and B and the fact that the boom is extruded, ensure that the sensor
points in the desired direction.

Figure 2.23 Ultrasonic Sensor Attached Figure2.24
to Boom Ultrasonic Sensor
Mount
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Thefina desgn congderation is the mounting of the CW and CCW limit switches. Recall that these
switches are normally closed. Even momentary contact with either switch disables the drive,
decelerating the load to a stop as quickly as possble. The ultrasonic sensor mount is viewed as the
best contact ement. As shown in Figure 2.25, the two switches are mounted in duminum right angle
parts & a position where the ultrasonic sensor mount will contact them. If they are pushed, they will not
break because they will rotate about their mounting bolts on the lower pivot. Contact with these
switches will only occur in an emergency Stuation.

Figure 2.25 CW and CCW Limit Switches

The design of the platform for an intelligent power assi4t jib craneis thus completed. The finished
deviceis shown in Figure 2.26. Note the weight holding system suspended from the cable via a hook.
It isdesigned to hold up to 200 Ib in Olympic free weights. Also note how the two dectrica cables
from the cable angle sensor are suspended from the ultrasonic sensor mount. They must be draped in
this manner to avoid interference with the sound wave' s conical beam. Stops placed at the free end
and jugt in front of the ultrasonic sensor mount prevent the trolley from traveling too far. Findly note
that the mast is mounted to the concrete floor with 8 3/4 in bolts screwed into drop-in anchors.
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Figure 2.26 Completed Platformfor an Intelligent Power Assist Jib Crane



3 Experimental Results

With the platform built, proper operation of the mechanical and eectrica componentsisverified. Firg,
with the enable and holding brake disable buttons depressed, a step velocity command is sent to the
drive from a computer viathe serid port. The step commands the motor angular speed to 100 rpm for
5 seconds. The recorded response is shown in Figure 2.27. The high frequency oscillation in the
current corresponds to an oscillation in the actua velocity. Note that the amplitude of these high
frequency current inputs dies out quickly as the load reaches the commanded speed. Thelow
frequency oscillation (a peek occurs a 3 seconds) seen in the current is believed due to swinging of the
50 Ib load.

The commanded motor speed of 100 rpmis only 3.6% of its 2800 rpm maximum speed. Higher
velocity commands are attempted, but step commands over 100 rpm result in large impact forces on
thetrolley. Thereisggnificant play inthetralley’ s tangentid postion within the boom. The problem
with aveocity step input is the immediate onset of large torques. To get a smoother response, a
different input mode is attempted.

Current and Velocity Reponse
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Figure 2.27 Motor Current and Motor Angular Speed in Response to a Velocity Step Input of 100
RPM
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A step torque command of 0.72 A, or about 1/9 of the motor’ s continuous torque is applied to the
motor for five seconds. This s the maximum torque which will likely be gpplied in the passive trolley
isotropic application. The responseis shown in Figure 2.28. The response exhibits the same low
frequency oscillation found in Figure 2.27. Thisis again atributed to swinging of theload. The
observed response to the torque command is a very smooth acceleration, as expected. The servo
motor is very quiet and the disabling dead man switch works very well. Release of the enabling trigger
brings the boom to a stop quickly. Release of the holding brake button brings the boom to a stop
amogt ingtantaneoudy. The correct operation of both limit switches is observed at low speed.
Backlash results in about 1/4 inch of movement at the end of the 8 ft boom. The gearhead’ s 10 arcmin
of backlash must be supplemented by 0.1 degrees of rollerchain backlash. The servo motor, gearhead,
transmission and drive gppear to work as designed. The tremendous power potentia, which would be
gpplied in the powered trolley isotropic gpplication, is evident from these low power tests.

The software used to transmit the velocity and torque commands is provided by the motor
manufecturer. The interfaceis very intuitive and alows control of the entire severd hundred variable
list. Numerous operations, including data acquisition are made possible by the gpplication As
mentioned, the drive and motor can aso be controlled through a dumb termind, where knowledge of
the entire variable set is required.

Yelocity Response
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Figure 2.28 Vel ocity Response to a Constant Torque (Current) Command
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With correct operation of the motor, drive, and transmisson verified, the cable angle sensor is tested.
A two channd data acquisition module is atached to the four signa wires and 24 VDC to the power
cable. With the rollerchain removed, a50 |b load is suspended from the trolley and the following
motion carried out. The load is grasped by the operator, moved in the radia direction, stabilized, then
moved in the tangentid direction and stabilized. In Figure 2.29, the output of the radia angle sensor is
shown in red, while that of the tangentia angle sensor is shown in blue. Both curves show the expected
oscillatory response. The greater amplitude of the tangentia curveisindicative of the larger force
necessary for mation in this direction. Also, notice that the tangentid curve dies out very quickly,
showing evidence of the pivot’s damping effect. In contrast, the radid curve exhibits much oscillation
dueto the very low ralling resstance in the trolley. The measured tangentia angle from 1.5t0 2.5
seconds is smply showing the inability of the operator to gpply radia motion only. The sa