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ABSTRACT

The design and development of a fast acting self-excitation and control
system based on the principles of regenerative and negative feedback for
phase resonance testing of aerodyndmic models in wind tunnels is descri-
bed. Simulation tests and analysis using a linearized model of the drive
system were carried out to establiash the satisfactory performance of the
controller. A brief discussion about the successful wind tunnel tests car-
ried out using this excitation control system for dynamic stability mea-

surements is also presented.

1. Introduction

Assessment of the stability and control cha- -
racteristics of aflight vehicle is usually based
on the wind tunnel measurements of aerodynamic
derivatives on a scaled model. The commonly
used techniques for stability derivative measure-
ments are free-~oacillation, and forced oscilla-
tion methods '+”. However, a different approach
to evaluate dynamic derivative from random res-
ponse has also been recently validated3. The
widely used forced orcillation technique employs
a spring mounted model which .is free to oscil-
late about an axia as a single degree of freedom
system. The excitation force to oscillate the
1model is so controlled that the model is oscil-
latéd at its undamped natural frequency and at
constant amplitude. Under such test conditions,
the spring force is balanced by inertiaforce of
the system, and the total system damping is
balanced by the applied moment. Thus the applied
moment is a direct measure of system damping
under static i.e., "wing-off" conditions. During
the blow down test, due to aerodynamic reaction
on the model, the total systerm damping changes.
The difference in the applied moment under
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*wind off and 'wind tin® conditions ia thus a mea-
sure of aerodynamic-damping, from which the
dynamic stability derivative can further be evalu-
ated (Appendix A).

-During the blow down wind tunnel tests, large
disturbances on the model due to turbulence in
the air-flow are inevitable. Also due to aero-
elastic effects the natural frequency of model
oscillation could change. Under certain test con-
dition, due to aero-elastic, temperature and
model configuration effects, the system damping
may became neutral or even negative,, Under

these varying dynamic parameter conditions, the

phase resonance of the model must be maintained
in order to satisfy the primary critieria on which

the forced oscillation technique is derived (Appen-

dix A). Since the tests are to be conducted in a
blow down tunnel with short run times, it becomes

-essential to establish steady state oscillations

rapidly to allow for satisfactory data acquisition
time. Further the model safety considerations
dictate that the transient overshoots in setting
up the resonant oscillations be also limited.

The quantitative specifications for such a con-
trol system would be as follows:

i) The frequency of oscillation should be within
3 to 100Hz (depending on the designed aero-
dynamic model).


https://core.ac.uk/display/11874232?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1

38 JOURNAI, OF AERO.

ii) The amplitude of oscillation should he ad-
justable within 1° to 4° of angular displace-
ment

iii) The model starting from rest should atabi-
lize at the present amplitude level of oscil-
lation in less than 2 seconds

iv) Transient overshoot beyond set levels of
oscillation should be lesa than 20%

v) The system should control oscillations to
preset level in the presence of random load
disturbances

iv) The syatem should bo capable of operation
under positive, neutral and negative damp-
ing conditions,

The present paper deals with the design and
development of such a fast acting sclf excitation
control aystem for wind tunnel testing of acro-
dynamic models. The performance of the con-
trol aystem was initially evaluated by #irmulating
the mechanical drive system on an analogue
computer, A brief discusasion about metual wind
tunnel tests carried out using this contral sya-
tem along with its performance is also presonted,

Z: Self Excitation and Control System
Figure 1 shows schematically the self ex-
citation and control aystem used for the mea-
surement of dynamic derivatives in wind tun-
nels % The aerodynamic maorel ia mounted on a
pair of strain-gaged crosg-flexures which pro-
vide the necegsary elastic suspension. An
electromechanical shaker excites the model
through alinkage mechanism. The displacermoent
transducer, power amplifier and the cantrel
system together form a cloued loop system, ‘I'ha
control systemi conasiats of a pounitive feedbuck
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loop which antormatically exeites the model at
phase resonance under varying parameter con-
ditiony and a nepative feedback loop which pro-
vides for quiclk stabilization against disturbin,
forces and alwo for pre-sctting the amplitude
nncillationn,

2,1 Phase lock loop

Ior the sustained oucillations at any ampli
tude lovel and phane angle around the cloged 1o
syntem mant be zoro degroas, Aa the oscillati
are tv be built up starting from rest and large
wide band digturbane eu are likely on the model
il is necosnary thit the repencrative feedback
cirenit filter out these di sturbances and algg
have a large amplitude oatpat for eagy and qui
atpting,  toth these reguiromants are satisfie
by the phizse Lol Loop (IPLLY. The PLL also
balancen | he 90" Lag introduced by the test ays
tesn driven ftl, resonance by introducing 90" phi o
angle. Thin along with [be 180° phase introduc .
by wnplitiers of negttive loop enables 10 main
tain e dejeese phase around the loop under E
teat conditions. Alwo the ninusoeidal high level
somntant aroph il ke oalpit of PLE helps quick
auaplitude stabilization an dineuased in the fol.
Towing sealinn,

Fignes ¢ showa the sehamatie of the phase
lock lonp whivh > onuintyu 0f o phase detector, 1
piters Filte s wnd 4 voltage controlled oscillator-
The phate cotnparator s esaantially a four
quidrant raultiptier whivh mixes the VCO outp
with thee input aignal, M he difference frequenc
(Y fo,) sipual in low pann filberad and the aver red
error sigual e, (avy) drives the VCO to keep t
loop in lavk,
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Fig. s HWloek diagreamn of phase lock loop

The snes hant sl deive system used to cof
verd sl to aned | [ULEAN sation of a shaker
into an anmgular nieent and the electromagne
conpding nf the ke r may introduce gome 2t
fional phane whift whivh may vesult in g devid
Uf phate apglic feors 4% avoumd the loop. This
b rectiticd by introdneing rtn additional phas
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correcting reference signal in the error ampli-
fier A2 of the PLL as shown in Fig.3, It was
found to be possible to correct the phase devia-
tion upto £15° by this method.

high amplitude sinusoidal putput of PLL ensures
linear operation of the multiplier.

In the negative feedback loop, a dc signal
proportional to the peak ampli-
tude Of oscillation (AB output-of
Fig.5) is compared with the pre-
set amplitude level at every
cycle. The error signal (A10
output) is low pass filtered with
proper time constant (amplifier
Al2) and gain. This error signal
modules the PLL output to con-
trol the drive signa to the shaker.
The complete circuit details of
Py . the neg_ativc_e feedback loop are
shown in Fig. 5.

ol

Fig.3. Phase Lock Loop-Circuit Diagram

As the phase locked output is power boosted
and used directly to drive the electro-mechani-
ca shaker any distortion in VCO's output wave-
form and in turn those of PLL's output will re-
sult in distortion of the input force. This makes
alinear and highly stable voltage controlled
oacillator aprerequisite. The VCO performance
is optimized by matching the positive and nega-
tive feedbacks ' 7, Fig.4 gives the circuit details
of voltage conhtrolled oscillator. The time con-
stants Of the two integrators A4 and A5 of the
oscillators are so chosen as to cover the fre- ) .
quency range of interegt?. ' Fig.5. Negative feedbac_k Io_op gnd sample com-

mand pulses - circuit diagram.

The number of amplifier stages in the nega-
tive feedback loop are so chosen that the, net
phase around the complete closed system is zero
degrees. The PLL output and the error signal
. mixed by the gain controlling multiplier, controls
...... N the amplidue Of sacillation even in the presence

o of disturbing aerodynamic forces. When the
//' S amplitude of oscillation tends to decrease, the
) , { error signal automatically increases, thereby
“""‘""""}3" increasing the input to shaker, and consequently
input force bringing the oscillation amplitude to
deaired'level and vice versa. Under particular
combinations of aero-elastic forces when the
Fig.4. Voltage controlled oscillator-circuit dia- damping becomes negative, the amplitude of
gram oscnlatl_on tends to increase rapidly. But any in-
crease in amplitude beyond the set point causes
the error signal to change polarity resulting in a
i , 180° phase ghiftin the drive signal, The shaker
&2 Amplitude stabilizer drive Izmw serves to oppose the model oscillation

The gtabilization action and the amplitude to bring it under control.

control in the presence of disturbing forces is The quick stabilization action necessazy as
obtained by using a pultiplier as a gain control-

ling element in the negative feedback loop. The djscussed above is obtained from the sample and
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hold ¢iycuit?. The sample command derived
from PLL OUtPUt, holds the positive peak 1 he
transition time for change in the dc gignal cor-
responding to peak ig very small. And 28 t.hc'
sampled value ig up dated every cycle there 18
NO zveraging time involved in sensing the wrapli-
tude deviation. The timing sequencyvgff the sample
and hold action is shown in Fig.6.

The ripple N the controtled oscillations,

which may arisc due to low loop damping and
various €l€ctronic componcnts could be mini-
mized by aqjuating the zero of the overall une-
tion, which ig equivalent to introducing a deri-
vative CONrol. The low frequency noise compor
nents rejection could bo achieved by tuning “he
low pass filter time constant in amplifier Alé
in the negative feedback loop of Fig. 5.
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Fig.6, Timing saquence and vntput of anoaple and
hold cirenit for growing input. signal,

3. Analysis
For the purpose of analysin, the linkage drive

mechanism, shaker and the power amplifiey to-
g0thex With the acrodynarnic model in modelled as
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a ginpgle degree ol freadom system representeg
by the transfer functiond,

2
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Hiln) o ety Coom

whe re (W is the natural frequency of the system
and éf in the damping ratio,

o

Thia wystent i« excited by the developed co
Lrol wystemto eviluate UN performance, The
gverall equivalent closnd loop system is repre-
TS BT showm iim\ 1"\}4‘-- 77.. T hee dvatem Output
which in ginuanidal iy represcnted by,

Wy,

V) Ve gl @

g
STez5nSs wf

T s

Moy

Mip. d, Paguivakent vonlrol nystem

An The 1'ET, nutpul in phivee rlrifted Dy 90 .
wilh reppet bo dopad miggtal and of comglant ar li
fader mapinnil tmdepeosdent of fnpat signal leve
as 4 Drnl vriler appresinafion itle aspumed
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pars Lilte ¢ Linge sonrtant in Lhe 1" J.L has beer
fpnnred.
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garnple aml hold outpat (nhown jp I iga0) 170
Figa o owe e,
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Then,

14T
LPF output = kykyky "1*"_;-,1:;5 (Vg-v (4)

where k3(1+fl’1 s)/(l+_Tzs) is the Ipf transfer func-
tion and k, is the gain of the amplifier.

Now from the equivalent system of rig.7, we
have

System output =

kiksky 1+Tye kg,
10 T+, sl Vr-Ve) ®)

The syatem output is now obtained from
equations 1 and 5 as

A
= K. 3] . 14T g . ksg’_g _
V(B] sd+szn3 +o}ﬁ 1+T25 B _Iwn (VR VBJ
{6)

whe re
kykplksky
K a——-——-—»lo
Equating cgns. 2 and 5, and rearranging

K(14T1s)

{1 +Tzs}(i+{z‘f]/{wn}s’41 J2)e 2K (14T 5)

Voo 2
VR(S)

)

The characteristic equation of the system is
given by

-~
(147 28)(1+ =2 gt -2 s2)+K(14T1s) =0 (8)
o wn
An analogue sSimulated second order system for
mechanical drive was initially used to study the
control systera performance (Appendix B). This
simulated system was driven in closed loop and
the equivalent block diagram is shown in Fig. 7.

Numerical values of the parameters for
the various blocks are the following:

w =200 Rad/sec
€= 0.005 (Typical)
1+T s @ 140,028
1+T,s = 1+508

The characteristic equation given by egn. (8)
now reduces to

12,58 %425. 2582+ (50+0.02K-0.05x10" %) 1048

+H{14K)x10% = 0 | ©

WIND TUNNEL DYNAMIC STABILITY MEASUREMENTS a1

The Routh's tabulation for the equation 9?_
of 8the overall system gives the limits of stability
as

-14 K<£104.2 o : (10)

To evaluate the transient response for a step
input signal, substitute for Vg(s)=1/s inegn, (7)
and rewriting afte r factorization we get

5.28 X 10%X (1+0.02s

Vgis)= : =%
O S (s+1.305)(s+0. 3575+] 202,61 )(+0.3

5§202.61)
(1)

From eqgn, (11), the time response of the
overall system for a step input is given by

Vplt) = 0.986-0.959e " 1-308t, 1 3747 0-3575¢

SIN[202t-103°] (12)

The equation does not show the steady sinu-
soidal response term because the time response
V() is derived for output of sample and hold
circuit, which is dc level corresponding to the
peak of the sinusocidal response. Since the damp-
ing values encountered in the dynamic stability
measurements are very low, typicaly of the
order of ¢=0.005, the damped natural frequency,
Wa =Wy, the undamped natural frequency. The
time for maximum overshoot can be calculated
from pole zero locations of the overall transfer
function8, and for present case we get

to = 0.017 seconds (13

Therefore, the maximum overshoot from egn. (12)
is obtained as
(3] = 13.19% (14)
t=tp
Thus the estimated overshoot from the above
linear analysis iS 13% and is less than the maxi-
mum allowablelevel of 20%.

Vemax

The above linear analysis and tests with simu-
lated system which are discussed in next section
were carried out tO establish the performance Of
excitation system. This transient analysis does
not lead to damping derivative measurements.

The damping derivatives areto be evaluated from
the measurements of applied moment for main-
taining phase resonance under "wind off" and
"wind on" conditions ag discussed in Appendix A.
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Testa and Resulty

The mechanical drive system was analogue
gimulated to initialy evaluate the performance
of the control system, The designed control
system drives the analogue system in closed
loop. The expected varying parameter condi-
tions were created and disturbances introduced
in closed |00p tO study effect on control system
performance. |t Was observed that the system
could initiate and stabilize the oscillations at
the preset level within 1.5 seconds. The ampli-
tude control was excellent even in the pressnce
of wide band noise injected in the loop. The
transient overshoot was 12.85% which agrees
with the linear analysis (13%) carxicd out. The
deviation in this could be due to the linearized
model Of PLL vsed in analysis. In the end, it
Wwas observed that the contral syatern controls
the amplitude of vscillation even when the mys-
tem damping be comen neutral Or negative by
appropriately changing the sign of the applied
moment, Intereatingly, the negative damping
conditions Can easily be shmulatead an shown in
Fig.10 (Appendix B). ‘Thus the performance
characteristics were vstablished Prior to aehil
wind tunnel testing, which is briefly discnsued
now.

The forced oscillation rig connists of &
model mounted on a pair of striainegaged ¢rosn
flexures, in such away an to he fres to osciilate
in pitch axis. The model, initially Tocked e cha-
nically necessitated by the staxting loads, i»
allowed to oscillate when the flow is establiahed,
After the amplitude of oscillation stabilizew, the
angular displacemaent sigoal and inpout eecitation
moment #ignal are recorded (or further analy.
sis 4, Similar data is recorded under "wind off®
conditiona.

The displacement aignal recorded during a
typical blow down test in whown in Fig.H, 'The
Initial portion of the responne when model fx
lockaed before the flow in natablished sheows e
nature of flow disturbaticas likely on the miodal,
A« asen in Fig. 8, the model wtabilizes to the
preset amplitude level of suctllation within 1,4
eeconds, thus ample time s Left for data mea-
gurement for further analyeis. The transient
overshoot wan measurad under various test con-
ditions, and was found to be 10% wmaxbinvm,

The deviation in maximum evershoot from linsus
analysis (13%) in dug to the additional ae rodyn -
mic damping during thn wind on test conditionn,
The linear analysis results and s rnulated YR
tomy results provide the worsl case conditiona,
The overall wmplitude of oscillation throughom
the test was maintained within 5% of referenen
level against targe flow distarbaness, During

S, UK MDA oL

tho "wind ¢ff" tenia, since the disturbances * .
fueh bewa, the amplitude control was ggy bet .
The applicd moments gnd angular dlsplacem‘ "
alfnala were further naed for evaluating the

mif. derivatives, b
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Yigdh Typooal displa ornent nignal recorde
during the wind Dannel test,

£ une luniong

A tant acting melt eacitation and contro ys-
tern with vequdeodrtfir-vitications wae desig d
and deweloped Which tacilituten the phage n o-
taner bent’ ool wind tunpel asrodynamic o del
wende y voandilinns of vierying parameters anc lis-
Vavbanesn, "Lhe aualyticud theory presented
e adedd an apperasimation for the PLL moc L
The tents tade with sinmlated syatem for: scha-
sival dreive hive e abedd that system woul
saae o v Ehe syntern «lmnplng begom
menbral ar ftng),! tve. The fliU'UC»«(Cul expari ents
for dynaie stability meanurements in the -
aorrte wind tunnel have shown that the conts
nyaledn meots all Yhe speiifications and pe:
i nntiafas oty even in the prosence of lode-
vate avunl af tuvrbulanes in the air flow,

Acknwie dgements

The withors wish to acknowledge the e tf
ob metivation for current work from Mp H o
tlara Murthy, of Aerodynamics Diviglon, N Ly
Daupalurve,

We are aluno indehted ta the AﬂronauH: !
Henrar h MM e lopent Board under W #e
grautn the laveatipalinns were varried out



FEB=NOV 1980

APPENDIX A

In the forced escillation technique, the model
is mounted on a pair of gaged cross flexures
which provides necessary elastic suspension.
The model, free to oscillate about an axis, as
asingle degree of freedom system, isforced
sinusoidally and the amplitude of oscillationis
controlled. The measurement of frequency of
oscillation, amplitude of model displacement
and exciting moment at 'wind off* (static) and
'wind on' conditions provide the necessary in-
formation for computing the aerodynamic deri-
vatives,

The forced Oscillation motion of the model
is governed by the following equation:

B+De+K8 = Mg+ myd+ T

where 9 ia the angular displacement and mg and
mg are aerodynamic stiffness and damping deri-
vatives. Following the notation in Kef. (4), we
can derive the following suitable expression
from above governing equation for aerodynamic
derivatives in terms of change in applied mo-
ment. For sinusoidal excitation force, when
model is oscillated at natural frequency and
constant amplitude we get,

Mg "Ma g Sd2 [W,6p (W6 (15)

where Vi is free stream velocity, S ia model
reference area, d is model reference length,

9o is free stream dynamic pressure, COis
frequency of oscillation and 9 is amplitude of
oscillation, The index '0' refers to 'wind off
conditions and '1' refers to 'wind on' conditions.

Thus from the measurement ofty,, 0 and
difference in average applied moment (T-T1)
the aerodynamic damping derivative can be
evaluated.

APPENDIX B

In order to atudy the effect of various para-
meters like changes in natural frequency of
oscillation, damping factor, and amplitude dis-
turbances and to verify the amplitude control
under conditions of neutral and negative damping,
a simulated system was used to test the per-
formance of the control system. For this pur-
pose the transfer function of equation (1) repre-
senting the single degree of freedom system was
electronically simulated® as showin in Fig. 9.
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Fig. 9. Simulated second order.teat system.
This has a transfer function given by

Enqfs) _ 1+R1/R2
Eg({s) 1+RG{2-R1/R2)s+R2C2g2 (16)

From the above equation, we have

Natural frequency (v, - 1/RC
f = 1-R1/2R2

“Thus by adjusting the RC time constant in
Fig. 9» any natural frequency of cacillation can
be obtained to study its effects. The damping
ratio g can also be varied by changing the resis-
tor R2. The equation for gshows clearly that
negative damping. conditions can also be simu-
lated with this type of realisation of the transfer
function.

The amplitude centrol effectiveness can be
easily verified by introducing a wide band random
noise in the simulated system.

Damping ratio
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