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SUMMARY

This report descraibes the basic principles of an electronic
simulator to solve the equations for coupled osecilliations in several
degrees of freedom., The method has darect application to flutter
and vibration problems on aircraft, It 1s suggested that consaider-
able time could bz saved by the use of such a machine for obtaining
flutter speeds and resonant frequencies, wathout any limitations an
scope or accuracy compared with present methods. In addation, since
the simulator gives the whole range of non-critical solutions, other
problems can be investigated; ain particular, the response of an
aircraft to flight resonance excitation can be examined.

The use of electronic amplifiers as adding and integrating
units is described and the method of representing a simple harmonic
motion as given. Mecthods of variation of cocfficients are developed,
and the problem of coupling two or more groups of amplifaers to
correspond to two or more degrees of freedom in flutter is dascussed,

A prototype simulator for the selution of problems in two degrees
of fresdom 1s now being built at the R.A.E. and preliminary work 1s
proceeding on the design of a machine for problems in six degrees of
freedom.
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1 Introduction

The prediction of' flutier of aircraft usually requires the sclution
of cquations of motion un several degrees of frecdom. Oiunce the sclution
is complacated 1t iz usual to luimit the analysis to ihe determination of
critical flutter speeds. The problem ihen rcduccs Lo the solution of a
determinant usurlly complex of the same order as the number of degrees
of freedom. Several ingenious mathematical methods have been ovolved to
reduce the labour of solvaing the determinant, bul the soluticn is rarcly
casy and, in additaion, the effcot of any variation in the coefficients
is often only to be found by the solution cf 1he new determinant.

& brief gurvey of the computational difficultics in the prediction
of flutter of complex systoms was mede by Frazer! in 194, Hec covered
both the purely mathematical considerations and the dilferent approaches
in the usc of plain snd thermioniec networks. The DBrot Mlutiter Predictor
is in the latter class, but as basically an electrical simulator. Consi-
deration of the limitations of this machine, both in scope and accuracy,
led to the lack of interest in this approach. The recent developments 1in
electronic technique have mcant that analyscrs of wade scope and good
aceuracy are possible and development of equipment for the solution of
guided wenpon problems 1o well advanced”»®,

The electronic simulator described in this report is on the lines
of the Guided Weapon Analyser”, the main differences being the usc of
push=pull amplifiers, and a layout desipgned for the sclution of o
specific type of problem rather than ihe more flexible layout of the
Guaded Veapons simulator, With this equipment, couplced mechanical
oscillations arc rcpresented by corrcsponding coupled electrical oscirlla-
tions, the whole motion being slowed down to enable viswl observation
of the oscillations to be made, The cleetrical carcuits arc varied
step by slep Lo correspend to a step by slep variation in cirspeed in
the mechanical problem, The flutter solution is determaned by the
observation of an undamped oscillation in the electirical "degresz of
freedom". The method of determining flutter speed in f£light by mechanical
exciting of the aircraft structure over a swlable range of frequencies
and measurang the change of regponsc warth flight speeds can alse be
represented on the simulator cnsuring a safer approach to critical

conditions.

By the inclusion of a forecing electrical unii the problems of
Torced mechanical oscillations such as engine-airframe vibrations and
normal modes of vibration can be inveslipoted,

2 The flutter problem

The mechanical oscillation of an aerofoirl in an airstream in the
degree of freedom "x" may be written

(A+a) R+ (Bv+D) X+ (0¥ +E) x = 0
with the usual assumptions that aerodynamic temms of order higher than
two may be neglected.
A, A' are the mechanical and aercdynamic inertia coefficients,
D, B the corresponding damping coefficients, E, C 1lhe stiffness coeffa-
cients, and Vv 18 proportional to the flaghl eguivalent airspeed,
Since the aerodynamic inertia is, by defimition, invariable with

flight speed it may for simplicity be included in the mechanical inerfie
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and thus in the remminder of this note "A" wall denote the sum of
mechanrcal and acrodynamic coofficicents.

Thus the cquations of motion in two degrees of freedom are

1
(@]

. . 2
Byg ¥q + (Byqv # Dyq) &y + (Oqqv + By) xq

0

. 2 \

When the cross couplang terms arc odded they bocome

t
o

. . 2 o . 2

1t

. . . 2
Apyxq+{ByqveDyy )x1+(021v2+}321 Y% 85030 +(ByoviDys )X +{Coov +Eos ) %o 0
These equations are more complete than 1s usually nceessary, bub
1n order to maoke the simulotor as general as possible, all possible terms
arc 1ncluded, The simulator os envisaged will represent up to six degrees
of freedom snd all the terms obtaincd when the above equations m to
degrecs of freedom are extended to six degrees of freedom will be represerted,

In the solubion of practical flutter problems 1a this cowtry it 1s
usual. to treot the coefficients B, C as invoriable wath respect to
speed and frequency and this approximation wall also he mede here.
However, as will be seea belov, the effect of vorying any cocfficicat
is easily found ard a more exact solution can be obtoiacd by o method
of successivc approximabions.

The method of solution will normally be by variation of the airspeed
coefficrent v , although 1a som: coscs, notably ot specds near that of
sound where the struclural stiffness for a given flutter speed away be
requircd, the solution may be by variation of certain coefficients,

-

3 The electronic vaits

The principles of the electronic unils described here are nol new
and have beeca used as the basis of other simulators, 1 particular in
those now being used 1n Guaded Weapons Depariment R.IAE, In fact, since
these priaciples have been used 1n other simulators and the reliabality
of the methods demonstrated, they can be adapted 1o the solutioir of the
flutter problems with confidence, For clarity, these principles will be
outlincd here

3.1 Amplificr with resistance feedback

Lot us consider the circurt shown in Fag An amplafaer of gain
"-G" (1.e., the gain 1s G but the output variation 1s an the opposite
sense to the wnput variation), where G 15 large (of the order of 10000
has a resistance feedback Ry The wnpul 1s supplied from a voltage Vo

through resistance R, . Then, 1f the impedance from input Lo earth 1is
infinite, the total current flow from V4 aand V, +to the amplifier anput
must be zero, 1.e,

Vi -V, _ (V2 = Vo)
R4 R2
and since
V.} = = GVO



w2 have

Wk h (_1._ L)oo
Ry Ro G M R
If & Lo large we have
v Ve
AT

R, Ry

which rcpresents the equation

l
o

Ay X4 + Ao ¥o
In particular if
R1 = R2 V1=—V2n

When the input conswists of several supplies in parallel (Fig.2) wc have

V4 _ Vo Vz Vi, . ]
.R'T.‘ - §£+§5+'ﬁ£ ----- [l

representing thc equation
Ag xp + Ay X + Ay Xz 4 B X eiiel 0

3.2  Amplifier with capacity feedhack

If the feedback is bhrough a capacity C 1instead of a resistance,
as in Fig,3, we have

- d N (V5 ~ V)
a (W -V = i
. V4
or with Vo = ey
G 1 % . RA
B 4 ( a + Vo + = .

If Vq, Vp are of the sams order and G  is largs we have

or
Akg +Bxy = 0

Thus V1 is proportional to the integral of Vo and the unit acts ‘ag
an intcgrater,

3,3  Push-pill amplifier

So far only single. sided amplaifiers have been described and such
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amplifiers are known {o be liable to drift with time, making the
operation of the simulator using such amplifiers more difficult. In
addition, sincc the coefficienis of the flutter equations may, in general,
be erther positive or negative a large numbcr of amplifiers to reverse
the =ign of 2 coefficient (sce paragraph 3.1) would be needed.

Both these problems are sumplified by the use of push-pull ampli-
fiers, Here drift is greatly reduced and the reversal of sign is
cbtawned simply by interchanging the push-pull connecting leads, A
push-pull amplifier to be used as an integrating unit is shown in
Fig.4. The circuits must, of course, be symmetrical about the earth
line,

3.4  The use of potenticmeters

In paragraph 3.1 1t was shown that
AJI x1 +A2 X2 = 0

could be represented by

or in other words

This anverse proportionality makes representation difficult. If,
however, only o fraction, 8, , of the voltage Vy were supplied to Rp
then
A 2
J——t
2T R

so thet, 1f By .1s regerded as faxed and Op variable, the coefficients
Ap, Az, etc., can be represented directly. Where the feedback from the
output voltage Vy (F1g.1) 15 through & resistance the seme system can
be used to reprcsent A4 directly, Variailion of' $¢ can be obfained
from a tapped potenticmeter from V¢ to sarth, If the tappangs are in
tenths of Vy , and three tappings S, , Sy » S¢ , ore applied through
resistances » 10Rqy , 100R4 connected in parallel to the input of
the ampliflerR}Flg.2) we have

v a + b + 801 + Vo 22 + 2 + 2 = 0
T i®  10R  100R Ry  10Rs ~ 1Q0Ry
or with Ry = Rg

vy (sa1 + 0,1 Sy, + 0.01 ch) +Vy (Sap + 0.1 Sp, + 0.01 302) = 0

8

For example, with Sa1 =2, Sb1 =h, 8¢y =7, and Sgp = 3, Sb2 =
sc2 =1 , wc have

0.247 Vy + 0.381 Vo = 0.
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We have thus represented
A x| + A2 x0 = 0

with the coefficients Ay , Ap represented to three places of decimals,
with a maximum value of 1,110,

Such a potentiometer unit is shovm in Pig.5 for a push-pull
amplifaier, Since in practice the resistance 10CRy, may be difficult
to represent a subsidiary resistance potentiometer has been subgtituted
givang the effeet of 100Ry vhilst using ne resistance larger then 10Rq .
In addition a reversing switch has beun included so that we can represent

* Aq X1IA2X2=O

3,5  Variable integrating unit
The usc of potentiomeiers is next extended to the integrating unit
described in paragraph 3.2. The proposed circuit is shown in Pig.6, We

have
8.1 Sbl -
V2 (T+-;i-b-§)+bv1 = 0
or

A

Vo= - o= (St 4 01 5yY) /Vzd.‘t..

Puttang RC = ¢ , the time constant of the circuit, we have

/i
vy = - (Sg' + 0.1 sb')/vg-i—t

Thus we have represented xq = v jﬁ Xo %} s, where v is accurate to

two places of decimals, Since, as will be shown below, v represents
the airspeed we can adjust the airspeed to 1% of the maxamum value to
be investigated. This accuracy is thought lo be sufficient {or present
needs.,

It will further be seen from Fig.6 that the feedback capecity can
be selected from the values 0.1 G, § and 10 8. Thus the time constant
T can be varied from 10 times smaller to 10 times greater than the
standard wvalue, having the effect of varying the speed of the integration.
In this manner bthe solution of a problem can be spcoded up or slowed down,
at the convenience of the operator. Care must be taken, however, to
maintain the same time constant throughout the simulator, sinece, if
different parts of the simulator are operating at different speeds,
the, bagic problem ig altered,

L Representation of a onc degrec of Ireedom cquation

Having considered some of the units of the simulator we can now
turn to the representation of the one degree of freedom equation

Ax+ Br+D x+ (2 +E)x = 0,

Let us consider the circuit shown in Fig,7, using the symbol S 4o
represent Sa + 0.1 Sy + 0.01 S5 in ihc summation potentrometer and S
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to represent Sa' + 0 Sb' in the antegratang unit. Sagns wall be

omitted since all connections are push-pull and reversing switches are
1ncluded vhere necessary.

From Frg.? @nd previous equations

V1 =T{T)+: "52‘}5

With = =1, 8' =8'=v and vV, = X

Also .}'c,]

il

£(x;, Xy 5 VE, 5 v2x1)

vwhore f 18 a lincar function

Putting S1 = A.H, ctc. we have

2

bq %+ By Ve D) xy o« {0 v 4 By) % =0

Thus the cloctrical oscillation of the ecircuirt in Fig.7 represcnts
the mechanical oscillation in onc dogrec of freedom and af Sy = &4y
Sp «By, ond so on the oscillations would be 1dentical . However, it
is convenient Lo slow dovn the mochanical oscillation vhen transforming
into thoe clectrieol oscillation, both to make the oscrllation sosy to
follow wiath the cyc and to meke the maximum usc of the relataively lamited
ronge of the potentiometers. If tho oscallation is slowed dowvn untal
the circular freoucncy is approximetely unlty then 4, C, E will be of the
same order. .

Thus an goneral
2
8-1 = kA..].], 82 = 1mB11, 83 = anCJI,i, S}+ = knD.].l, 85 = kn E'f1,

vhere k and n are chosen to make the maximum use of the acouracy of
the simulator.

5 Extension to six degreeg of freedom

We have now seen how the simuiator can represcnt-an oscillation in
one degrec of frecodom:-

Ay 3o+ (B vaDy) o+ (O vP 4 Byy) xy =0



Vith a second unit vwe can represent the-independent--oscillation-
A_22 .3:'.22 + (BZZV +D22) J-Cz -+ (022 V2+E22) Xp = 0-

"In order to represent the flutter equations we must now add the
cross coupling lterms dimscussed in paragrsph 2. To do this vie must add
extra clectrical couplings and potontiomcter units so that eaoh amplilier
output an unit 1 1s coupled to the anput of unit 2, in addition to being
coupled to the input of 1. Samilarly for the output of the amplificrs
of unxt 2.

Then the simulator s cxtended to cover six degrecs of freedom, the
output of cvery amplificr is coupled to the input of cach degrec of frec-
dom wnit makang a total of 180 couplang lecads. Such a cirewrt i1s difi-
cult to present 1n diagrommatic form, so in Fig.8 & representative cir-
cult 1s shown. Herc the couplings of onc typircal amplificr in each
degree of frececdom to the anputs of cach degree of freedom unit are shovn.
The diogram ic orranged 1n determuinant form to indacate the analogy
betvicen the eloctrical couplangs and the mechonical couplang teorms they
represent.,

6 Accuracy

Only the general principles of the simulator have been described un
this note, and considerable care must be takon at cvery stage in the
devclopment to cnsure the accuracy of the representation of the problem.
It 15 a lattle dafficult to determine the effect of varnration of compo-
nents on the overall accuracy of the complete simulator, since the calcou-
lations anvelved arc lengthy.  However, o scrics of calculalions in two
deprecs of [reedem has been made, varylng thc coupling terms slightly onc
by onc. The largest inaccuracy in cirspccd duc to the limutations of
the sumilotor wes 4% and tho lorgest iraccuracy duc to the cstimated
maximum crrors in componcnis sbout §%.

Prom these figurcs 1t 1s deduced thet errors may amount to an
inaccuracy in alrcpeed of 2% in six degrees of freedom (about 20 £t/sec
in typicol problems), vhilst the repeatability sheould be appreciably
better. Flutter Creoucncy should be obbtained vith considerably better

acouracy.
7 Conciusions

I{ 18 consudercd that a flutter simulator of the type described here
w1ll possess adequate scope and accuracy for the solutron of mest fluttcer
and vaibration problans at present in hand ard lakely to arise in the ncax
futurc and at the same time enable solutions to be obtained much more

quickly.

Preliminary viork on the design of a simulator wath six degrees of
freedom is now procceding at the R.A.E. and it is hoped that the machine
can be complected by the end of 41950. In the meantime a prototypc vath
2-degrecs of freedom s being made.
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FIG. 12,3 & 4.
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FIG.6 &7

j0C
I
+Vp ¢
-0— 0| |-
o~
Q.iC
_— +V° +V' PV
A
—_ -
_— — -Vo -VI =
0-1¢c
c
..Ve —0 0_“_
e

FIG. 6. VARIABLE INTEGRATING UNIT.

- Tt s 1
: c ‘
vy Vix; A= AMPLFER

i

!

| -—
I

!

5] A Kie A P = POTENTIOMETER

v, — V3 | PR= POTENTIOMETER

1 AND REVERSING
Vi UNIT,

C= CAPACITY UNIT.

AMPLIFIERS ARE
PUSH-PULL BUT
FOR SIMPLICITY

] ONLY ONE OUTPUT
- i8S SHOWN,

8
I

|
|

FIG. 7. CIRCUIT FOR ONE DEGREE
OF FREEDOM,



FIG. 8.
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