BACKLASH AND RESILIENCE
IN
GEARING AND STRUCTURES

H. Crausen, OB.E., BSc. (EnG)

This article was submitted by the author, larely Chief Technical Adviser
i the Naval Ordnance Department of the Adviivalty, swith permission
of the editor of The Engincer, who also loaned the original drawings.

In most engincering structures, strength is of more importance than stiltness.
and provided there is sufficient volume of metal to carry, as strain energy, the
kinctic energy resulting from any likely motions, the stilfness/inertia relutionship
is not of great import. But it is necessary to ensure that natural frequencies do
not resonate with any likely cyclic disturbing forces, cxternal or imternal.
although, in general, the precise relationships between the forees arising during
operation and the resulting vields are not a determining factor in design.

Machine tool structures and gearing are cases where these relationships are
very important, and in the remote controb of heavy structures by servo motors
this overall structural stress/strain relationship becomes the dominating factor
in design.  Typical extreme cases occur in naval gunmountings, radar aerial
structures, and directors, and this article deals with some recent work on them.
The results are of general application, and are likely to be of interest i other
fields.
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Scrvo theory, dealing with backlash as a hixed quantity, and assuming that
beyond the limits of backlash the stress/strain relationship between load and
motor i1s more or less lincar, indicates means for minimizing the effect of these
structural defects by modlfymg the control system, as for example, by the well
known “divided reset ”, which is, in effeet, resetting from an adjustable nodal
point 1n the resilient drive between motor and mounting. It assumes that the
torque/yicld relationship is reasonably lincar.

Some years ago, tnals were started o find out what 1his rel llu)mhlp really
was, and what its citects were, in various types of mountings in service.  As
gxpuu,nu, ger the method of carrying out the trials, and of prumlmgﬁ the
imto the form of a mechanical hysteresis loop, or a series of
suuu,s.sm, ]oop,\, on the precise analogy of a magnpetic hyslu‘ms test. The
results are very tlluminating, and their application has resutted in a revolutiorn
in servo performance.

For carrying out the stiftness wsi, the mounting 1s firmly locked at the
training rack, and means are provided for measuring any viceld of the
arrangements. Torgues are applicd evelically, in ncreasing amplitudes in both
directions 1o the motor spindle, and the angular yicld is recorded. Subtraction
of the angular vield ol the locking arrangements gives the vield, which, when
plotted out as a hvsteresis loop, cnables backlash, plastic }[L]d. and material
stiflTness to be effectively separated.

i, T oshows o nomber of typieal toops from tests of actual mountings.
referred to as A, B0 D0 B and 00 the approximate chronological order of
design dute. The torque at the motor spindle s converted mto the corres-
ponding mounting acceleration. I/ s the moment ol imteria in pounds, {eet,
scconds®, and R s the overall gear ratio, 72 1b-I1 torque is one radian per
sccond® acceleration. Plotting the resuits 1o an accelerationyvield basis puts
them i non-dimensional terms, where the performance of all different types
of mountings can be direetly comparced.  The examples shown cover a range of
Lorgue at the motor 7111(HL for the same mounting acceleration, of about
300 010 The loop sho\-\n at £is the only example whose design embodies the
results of the work desertbed 1 this article

In o dingram of the type of PG, 100 the hysteresis Toop can reasonably be
represented by a straight line through the origin the mounting can be said to
hive the natural frequeney represented by the slope ol that Tine @ but where
there are farge ambiguitios in the torgue vicld relationship there s no real
nataral f|u|an\ at all. The dingram can be made to any suilable scales of
acceleration and vield. and the scale for natural frequency comes out as
follows .

(2= siiflness interiy nccclu‘;xiinn _\icld. SOY, minulcs_\nc d per radian per
second? 3440 (270 0 R7 770 own weight applied as 4
tarque at own radius ol ovr ration A gives £onches vield, o A radians second®
acceleration wives /- 34HPI2A minutes, or | oradian? suumd acceleration gives
f33430°12¢, 100 9 - T ominutes ol are, and we get the following relationships
between o the acceleration yield {minutes per radianssecond®y, /7, the gravity
vield in inches, and /0 the natural frequency i evelesisecond

b RTf9d
[ 97
fo935 vy 3y !

These relationships are plotied out 1162 for ready reference from one (o
the other.
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The guality desired in the construc- tor L
tions under Lonsldcmtmn has been o I
described as * stayputness 7, and there Lo N S B ]
scems no better word to describe the S o
capacity of a structurc to ret: in its I N
integrity of form under the action of %

acceleration forces. © Stayputness’ Is, e
of course, the ratio of stilfness/interia,
and it can be defined in the term of
“ natural frequency of oscillation ™, or

Motural Frequency
=

of gravity yicld, the extension of ¢ z ]

simple spring mass system under lls ) R

own weight (or, in the casc ol a rotary N B

system, the linear yicld, at the radius bt Minutes yteid per radion fsec.? acceleration

of gyration, due to a foree cqual to o/

own weight ;lpphcd tangentially  at S . 02 3

that radius), or in terms of the angular 5 5 1 N\ | £

yield per unit of aceeleration. 35, o
As regards servo performance, the £3 0

natural frequency, as such, has very 58 1

fittle influence @ resonance effects are 38 o1

not material. The serious matter is the =2 1

acceleration yield, and also the ambi- §¢ 1

guity of the torque-yicld relationship, o

both of which must be kept low. This o

implies a high natural frequency, but  scole fortine b

bg‘[ow a certain figure of acceleration FiG 3o RELATIONSHIE B 13WELS NATURAL
yield, no useful purposc 1s served by FrEQUENCY. GRAVITY YIFLIY AND ACCEL -
raising the natural frequency higher. FRATION Yty

Acceleration yield 1s the important
matter 1 natural frequency is perhaps the most familiar way of defining i, and
gravity vicld is often the most convenient way of measuring it.

Backlash in heavy gearing cannot usually be considered, as in instrument
work, as a sum of mechanical clearances. Considerable force may be needed
Lo overcome friction, and backlash s best defined as the motion, 1o and fro, on
the input side, which will just— or just not-—initiate motion on the output side.
It is a single quantity, without sign, and 1f the first cycle of the hysteresis foop
15 only laken Lo slightly more than the stow creep torgue 1t can be defined as
shown in F1G. 3(g). 1 the next foop is taken down o a greater negative torgue,
as point ¢ in FiG. 3(h), and then continued back to the first positive value, we
get the distance *« "~ as the plastic yield due to the difference in torque between
¢ and A, and se on. The whole loop may come out like b, 3(d), where
friction is relatively high, or, as in FiG. 4, where the creep torque is too low 1o
measure

The largest loop defines an arca of ambiguity in the torque/yicld relationship,
and any point within this arca has the same validity as any other point, depend-
ing on the dircction from which it has been approached. There are a surprising
number of places in a composite structure where small vields may occur, if
design 1s nol carefully watched.,  The true material stiffness line will lie some-
where between the upper line of the Ioop which gives stiflness plus friction,
and the lower line, which 1s stiffness minus friction. An approximate stiffness
[inc is shown dolic,d in F1Gs. 3(¢), () and 4.

The difference in character of the loops between worm and spur gearing is
very noticeable.  That between loops D and F (FiG. 1y s startding, and the
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difference in reflected in the relative
servo performance. D is a mixed
spur and worm gear drive, with
rather a low stiffness. The loop f71s
from a similar structure, but an all i
spur-gear drive was used and parti-
cular attention was paid to stiffness
in the design.  Both structures arc
round about 8 tons, rotating weight.
The possibility of getting, in a
structure  of this size, a natural
requency of oscillation in training,
with the driving motor locked, of
between 20 and 30 ¢fs. 1s of some
mierest.

Tield

Contrary to what might bhe “Backiash
expected on first consideration, the
friction of the worm gear of
mounting /7 is of no benefit in
improving servo  stability.  The
energy loss per cycle at low ampli-
tudes of motor oscillation is seen to

be negligibly small, and the (riction A
fosses occur—-most  undesirably- -

only at high torques.  The high- PG 4 Tyricat HysTerisis Loovr WieR 1t
cﬂicicncy loop F, on the other hand, Crere TORQUE 18 TOO LOW TO MyASURYE
shows much greater energy loss per

cycle at low amplitudes: Pre-loading gear meshes and bearmgs gives a use-
ful frictional damping effect at small amplitudes without lowering the overall
clficieney appreciably at high torques.

Expericnce of many types of drives shows clearly that the character of the
stiffness/inertia relationship dominates the servo performance. I the © stay-
putness s low the nominal power of the driving motor cannot be effectively
used, and refinements 1n the servo control gear give only very limited benefigs.
With a high natural frequency, on the other hand, a good performance is
possible with refatively simple cireuitry, and the full benefic of improved
performance is obtained from any refinements of the servo control system.

As an example of what one might aim at, | radian per second? is quite a high
acceleration for a mounting of any size. One minute vield as a result of this
acceleration would be a very small error. One minute vield per radian per
second® s 9 ¢fs (see Fia, 2). There may be little need to try to go higher, and
there will probably be some diflicubty in reaching this figure in mountings of
any size. Directors can be, and have been, made with much higher figures.

As a lirst approach to a design, any performance programme will give a
programme of acceleration. The relationship between the required acceleration
and the maximum tolerable yield will give an acceleration yield (minutes of
are per radian/second®). Inspection of Figs. | or 2 will give the corresponding
natural frequency and gravity yield. 11 the weight of the rotating structure is
assumed to be applied as a torque at the radius of gyration, with the driving
motor locked, an cstimate ¢an be made of the resulting lincar vield at that
radius. Some large structures, such as swing bridges, would probably collapse
completely under these conditions, but proportionality can be maintained, i.c.
if T/ath of the rotating weight be applied tangentially at the radius of gyration,
cither during « test or as an estimate, the resulting hnear yield must be muiti-
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plicd by n to give the gravity yield, from which the natural frequency, or
“stayputness *of the structure, can be obtained on inspection from FiGs. 1 or 2.

Hysteresis loops taken the other way round, by locking the motor and
applying torque to the mounting, difler in shape from the normal ones to an
exient depending on the efficiency of the gearing and the nature of the structure.
Little work has been done on this as results do not seem (o justify the inereased
difliculty of doing tests this way. By fitting strain gauges on the motor coupling
shaft and electrical means of measuring the overall yicld between motor and
mounting and taking the two guantities to the plates of a cathode-ray tube,
hysteresis loops have been taken under dynamic conditions ol normal working.
The changes in the shape of the loop are interesting, particularly in a case such
as Dot Fig. [, when input frequencies make multiples of any natural frequencies
in the system, but here, again, the results did not scem to justify much further
cffort. The main thing is to keep the loop narrow, as in /7 of FiG. 1—for cxample,
where there is littde or no room for changes in shape, This is a matter of good
enginecring design.

The range of destgns involved in mountings, directors, radar aerials, cle., s
so wide that it is not possible to show Lypical constructions, but the following
clementary principles secem to be a useful guide where precision servo control
is required - -

(Fy The radius of the training rack should be about cqual to, preferably
larger than, the radius of gyration of the rotating mass, with a direct
connection 10 the rofating masses at, or about, that radius.

{2y Gear wheels should be as large in diameter as possible and pintons as
small as possible, so as to give the minimum number of gear meshes.

(3} Two separate training drives, arranged so as 1o give @ pure turning
couple, have many advantages over a single pinion drive. particularty
where, as with some large roller paths, precision centring is not possible,

(4) Structural distortions, rather than * backlash & or torsional vields, mayv
be the dominating factor, and any unbalanced couples arising from
forces applicd in one plane and resisted by stresses in another plane
must be carcfully watched.

—
LA
-

Normaul securing arrangements such as keys, splines or fitted bolts ure
usually guite inadequate at the heavy end of the gear triun, and some
form ol preloaded securing arrangenent is usually necessary, both tor
securing gear wheels to shafts and for holding gearboxes in place. There
are many such constructions available, some of them being modernized
versions of the wedge arrangements used by James Watt and his con-
temporaries.

(6} Gears, couplings, and the bearings which support and position the muss
should be designed on a resilience basis rather than foad carrying
capacity.

The matters dealt with are of an clementary nature, but the results are
important and of wide application.  The design ol almost any muchiery or
piece of mechanism can usually be substantially improved from the evidence
shown by a hysteresis toop test as deseribed.

Figures of natural frequency obtained from dynamiic tests of completed
mountings show reasonably close agreenrent with those from static hysteresis
[oops.
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