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IpoBeneHre NPOYHOCTHBIX MCIBITAHUI HEOOXOANMO JUTS TTOBBIICHUS HAISKHOCTH JIETATEIBHBIX
anmapaToB, pa3paboTKH 1 0OOCHOBAHHS PEKOMEH/AIMI 10 3KCIUTyaTalluOHHOMY PECYPCY B aBHALMOH-
HOH TexHuKe. C LEeNbIo MPOBENCHHUS PECYPCHBIX UCIBITAHUN Pa3pabaThIBAIOTCS CHEIMATIbHBIC CTEH/IBI
HaTypPHBIX UCHBITAHUN, KOTOPbIE BKJIIOYAIOT JECATKH I'MAPONPHUBOJIOB, OCYIIECTBIISIOIUX COITIACOBaH-
HOE YIPAaBICHHE PEKHMOM CHIJIOBOTO HArpy>KCHHS JJIEMEHTOB aBHAIMOHHBIX KOHCTpyKimil. HeoOxo-
JIMMOCTb YCKOPEHUsI Ipoliecca IPOBEICHUS IPOYHOCTHBIX UCIIBITAHUN U IOBBIILICHUS JOCTOBEPHOCTH
OLIEHOK TSI SKCILTyaTaIl[MOHHOTO Pecypca JIEMEHTOB KOHCTPYKIUIA MPUBOJUT K BHICOKUM TPeOOBaHUAM
HA TOYHOCTb pealn3alliy 3aJaHHBIX LUKIOrPaMM CHJIOBOTO HArpy:KeHUs KOHCTpyKuui. PaccmaTpusa-
eMasl B CTaThe 3ajjaua CBs3aHAa C MpoOIeMOol pa3pabOTKU ammapaTHBIX M MPOTPAMMHBIX CPEJCTB UL
aBTOMATH3alUHX TIPOLECCa TIPOBECHNUS MPOYHOCTHBIX MCIIBITAHMH B aBHAIMOHHOHN TexHuke. IToctpoe-
HHE a/IeKBaTHOI! Npolieccy UCIBITaHUI MaTeMaTUUECKOH MOJIENH CTEHIa HEOOXOAUMO AJIsl IPAaBUIIBHO-
TO BBIOOpA CTPYKTYPHI ¥ TAPAMETPOB alTOPUTMA YIIPABICHHS CTEHAOM, YTO B KOHEYHOM HTOTE MO3BO-
JseT 00eCIeUTh MOBBILICHHE TOYHOCTU PEealn3aliy 3aJaHHBIX [IUKJIOIPaMM CHJIOBOIO HArpy KEHHSL.
B yactHOCTH, B 1aHHOM pabOTe CTaBUTCS M peIlaeTcs 3aa4a MPOBEASHHUs MIPEIBAPUTEIBHBIX IKCIIEPH-
MCHTAIBHBIX HCCIICOBAHUI JUHAMIYECKHX CBOMCTB CIIEIHAIbHO pa3pabOTaHHOIO ORHOKAHAIEHOTO
CTeHZa JUIsl MPOYHOCTHBIX HCIBITaHUI. B paboTe mpuBeieHO onucaHue CTeH/1a MMEKTPOruIpaBINIecKo-
ro npuBoja. IlpencraBineHsl OMUCAaHUE METONUK IIPOBEICHHS AKCIICPUMEHTAIbHBIX UCCICIOBAHUN Xa-
PaKTepUCTHK CTEH/Aa U MOJIyUYECHHbIE Pe3yJIbTaThl KCIEPUMEHTOB. PaccMoTpeHa ynpoleHHas MateMa-
THYECKasi MOJENb CTeHJa B BHJE MHTETPaToOpa CO 3BEHOM TPAHCIIOPTHOTO 3ala3/bIBaHUSA B KaHAaie
ynpasieHus. Ha ocHOBe poBeIeHHBIX 3KCIEPUMEHTOB II0JIyYEHb! OLEHKY /Ul [TapaMeTpoB MaTeMaTu-
YECKOH MOJIENH, KOTOPhIe MOTYT OBITh MCIOJIBb30BAaHBI B HANbHEHIIEM MPH PEIICHUH 3aJadd CHHTE3a
PEryJIATOpPOB JULS CTEH/A CUIIOBOIO HATPYKEHUSL.
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INTRODUCTION

Accelerated strength testing of aircraft structural elements is an important part
of improving the aircraft reliability and guaranteeing of the specified service life
time in aeronautical engineering [1-4]. Special testing benches are used in order to
investigate an endurance capability of aircraft structural elements. Such testing
benches can include dozens of hydraulic drives [5-8].

Preliminary studies of dynamical properties of hydraulic drive in order to its
mathematical model derivation and refinement of drive parameters allow improv-
ing efficacy of control systems which are used in loading force test operations.
Construction of such drive mathematical model, which should be adequate to test-
ing process, is necessary for the correct choice of a control algorithm structure and
selection of controller parameters. Finally, improvement in control system perfor-
mance gives a possibility to accelerate dynamic mechanical strength testing, raise
an accuracy of mission loading profile implementation, and enhance the reliability
of estimates for the service life time of structural elements in aeronautical engine-
ering.

In order to do a study of dynamical properties of hydraulic drive, the special
loading force single channel stand was designed where electro-hydraulic control
based on the servomechanism and software is provided [5]. The stand allows the
experimental study of different versions of control algorithm and conduct compara-
tive analysis of the closed-loop system properties.

In this paper the hardware configuration of the developed strength testing
stand is described, the results of stand based experimental studies are presented, the
structure and parameters of the mathematical model for the stand are derived based
on experimental results, variation ranges of model parameters are estimated.

1. TESTING STAND CONFIGURATION

The designed strength testing bench consists of the following subsystems:

— Mechanical loading system

— Hydraulic loading system

— Loading control system

— Control system of loading force

— Emergency protection control system

Mechanical part of the loading force system generates and distributes the ef-
forts of the executive hydraulic drive to the testing object. The hydraulic system
and control system provide the desired force loading of the testing object. Single
cylinder shaft unilateral or bilateral action is used as the executive mechanism.
Loading control for testing object in accordance with the assigned mission loading
profile is carried by system loading control system. General view of the discussed
stand for strength testing is shown in Fig. 1.
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Fig. 1. Single channel testing stand Fig. 2. Block diagram of the testing stand

The block diagram of the strength testing stand, which includes hydraulic,
mechanical stress associated with imitator, is showed in Fig. 2 where magnitude of
loaded force is measured by the dynamometer and the output signal y(¢) is sent to

controller. Control algorithm is implemented by industrial controller and control
signal u(¢) is sent to hydraulic servomechanism. The control unit provides spool

valve management in order to regulate the flow of high pressure oil in the hydraulic
cylinder.

2. INVESTIGATION OF STAND WITHOUT FEEDBACK

The hydraulic cylinder and the control block are included into hydraulic drive.
The dynamic characteristics of the hydraulic drive depend on the constructive exe-
cution and spool valve [5,9]. The degree of the detailed elaboration for dynamic
characteristics of the hydraulic drive is essentially dependent on the requirements
for speed and precision of the hydraulic drive system. To evaluate the structure of
the mathematical model for the hydraulic servo stand, series of open-loop tests
were performed, where the control action is generated in the form of a stepped sig-
nal as shown in Fig.3. A digital to analog converter controller generates a signal in
the range from —10V to + 10V where the level of 10V is treated as 100 %. So, the
range of control action in Fig. 3 is presented in %. The output of the testing bench
is provided by the power hydraulic actuator, where the loading force y(¢) is meas-

ured by a dynamometer. The calibrating force measuring is provided by the dyna-
mometer where such unit as “kgf” is used. The range of efforts could be developed
at this testing bench is from -10"kgf to +10%kgf.

Experimental results on the testing stand during the open loop test are shown
in Fig.3 where the control input has the form of a meander with signal amplitude
given by u, ==£5% . A separate part of the plots from Fig.3 is selected and present-

ed in Fig.4.

From test results in case of the open-loop system shown in Figs. 3, 4 it fol-
lows that the output response (loading force) of the stand to a step input is of the
form of the sawtooth signal that corresponds to the step response of an integrator,
where the gain of the integrator can be estimated from the slope of the ramp signal.
At the same time a more detailed examination of the output signal y(¢) shows that
there are both nonlinearity and additional inertia in the dynamic characteristics of
the hydraulic drive. By taking into account the relative smallness of the speed for
the generated loading profile, assume that the simplified mathematical model of the
hydraulic drive can be treated as the integrator with the gain g and time delay t

in control variable, that is
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y(t)=gu(t-1). (1

Assume that the change in the slope of the graph y(¢) in Fig. 4 during the
constant value of the input signal u(¢) is caused by the change of the gain g . Then,
from graphs in Fig. 4, we obtain an estimate for the value of the gain g based on
the following relationship:

()= y(H)-A-(5 )
g= .
uy-(t, —4)

2)

Take, for example, ¢, =7.5 sec. and # =6 sec. The value of A is defined as
the constant output signal trend on the graph y(¢) in Fig. 3.
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Fig. 3. The experimental results on the Fig. 4. The experimental results on the
testing stand with the open loop and testing stand with the open loop and the
the control signal amplitude given by control signal amplitude given by

uy =15% uy ==%5 % in the time range from 4 to 9
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Fig. 5. The experimental results on the Fig. 6. The experimental results on the
testing stand with the open loop and the testing stand with the open loop and the
control signal amplitude given by control signal amplitude given by

uy =+10 % uy =%10 % in the time range from 41 to

45 sec
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Fig. 11. Magnitude estimates for the gain
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Fig. 8. The experimental results on the
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Fig. 10. The experimental results on the
testing stand with the open loop and the
control signal amplitude given by
uy =120 % in the time range from 113

to 117 sec
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From the graphs in Fig.4 it is clear to see that the estimate of the gain g by (2)
essentially depends on the selected time instances ¢, and ¢, . In particular, four sep-
arated portions can be identified on the graph y(¢)such as the main portion "rise

up", the main portion "down slope", transitional portion "rise up", transitional por-
tion "down slope". The estimates of the gain g by the relationship (2) for each

portion were evaluated based on the simulation results in Figs.3, 4.

In order to determine the influence of u,on the derived estimates of the gain
g by the relationship (2), additional experiments were performed when u;, =10%,
ug =15%, and u, =20% . These experimental results on the testing stand with the

open loop are presented on Figs. 5-10.
Based on the experimental results shown on Fig.3-10 and the expression (2)
final relations of the estimatesg from wu, were derived which are presented in

Fig.11 and Fig.12. From conducted experiments it can be concluded that the value
of the gain g during the transitional portion (Fig.12) is substantially greater than

one is during the main portion (Fig.11). The effect of the transitional portion is de-
creased with the increase of the input signal amplitude .

3. INVESTIGATION OF STAND WITHOUT FEEDBACK

Consider the other method of estimating the value of the gain g in the model

(1) based on analysis of amplitude frequency responses of the testing stand. The
experimental scheme is shown in Fig. 13 where we assume that r(¢) = 4, sin(w?)

and the gain & is chosen experimentally such that the system on Fig.13 is stable.

() e(t) u(t) y(0)
—{(— Ok Stand ——

'y

)

Fig. 13. The scheme of the experiment for
the stand with a proportional feedback

At stationary regime, by neglecting the effects of nonlinearity characteristics
of the stand, control action and output value of the stand are considered as harmon-

ic signals u(t) = 4, sin(ot +¢,), y(t)=A4,sin(wt+9,).
If the mathematical model (1) of the stand is valid, then the relation
4, = gco_lAu for stationary regime is satisfied. Hence, from test results according

to the scheme in Fig.13, the following estimate for the gain g can be obtained:
g=4,0/4,. 3)

As an example of test results from the scheme on Fig. 13, graphs for u(¢) and
»(t) are shown on Fig.14 which have been obtained when k£ =0.005, A4, =2000
[kegf], ®=0.6283 [rad/sec].
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Fig. 14. Graphs u(¢) and y(¢t) obtained as a result
of an experiment to stand with proportional feedback
and harmonic reference input r(z)
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Fig. 15. The results of the experiment to the
stand with a proportional feedback and har-
monic reference input r(¢), main view

Fig. 16. The results of the experiment to
the stand with a proportional feedback
and harmonic reference input r(z) ,

view from the axis g

A set of experiments for different values of frequency ® and amplitude 4, is
executed and then the estimates for the gaing were obtained based on relation-

ship (3). Final results are represented by graphics that are shown in Figs. 15-18. In
particular, the results on Fig. 15 clearly shows that with an increase in the frequen-
cy o of the harmonic reference input »(¢) there is a tendency to increase the value

of the gain g , which can be regarded as an increase in the role of the transitional

portion which was discussed in the previous section.
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4. RESEARCH OF STAND WITH RELAY FEEDBACK

In order to obtain estimates for the value of the time delay t in the mathemat-
ical model (1) of the testing stand, additional experiments on the stand with the
relay in the feedback loop were conducted in accordance with the scheme shown in
Fig. 19 where u =usign(e) .
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Fig. 17. The results of the experiment to Fig. 18. The results of the experiment to
the stand with a proportional feedback the stand with a proportional feedback
and harmonic reference input r(z), and harmonic reference input r(z),
view from the axis ® view from the axis 4
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Fig. 19. The scheme of the experiment
to the stand with relay in feedback loop

Introduction of the relay in control loop leads to a self-oscillating mode in the
system on Fig. 19. If the mathematical model (1) of the stand is valid, then the pa-
rameters of the self-oscillation mode can be estimated based on the describing
function method [10] under assumption that the stand passes vibrations of the fun-
damental frequency and suppresses the higher harmonics.

Assume thatr(¢) =0 V¢, and consider the first harmonic in the waveform at

the output of the stand, that is
(1) = A4, sin(o1).
So, in accordance with the model (1), the 1st order harmonic balance equation
yields:
AyTC(D T

= , T=—1. 4
g 4ug 20 @)
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As an example of test results from the scheme on Fig.19, graphs of experi-
mental results u(¢)and y(¢) are shown in Fig.20 which were obtained when

r(t)=0Vt,uy=10%.
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Fig. 20. Graphs u(¢) and y(¢) obtained as  Fig. 21. The results of the experiment to

a result of an experiment to stand with relay stand with relay in the feedback loop,
in the feedback loop main view

A set of experiments for the stand with relay in the feedback loop is executed
when uy =5%,uy=10%, uy =15%, and u, =20%, as well as in case of the dif-
ferent constant reference input signal » . Range for variations of r is selected from
-2500 to 2500 in step of 500. Final estimates for g and t based on relationships
(4) and from experimental results in accordance with the scheme on Fig.19 are

shown in Figs.21-23. Note that the width of the strip in vertical direction in Fig.22
and Fig.23 is caused by the influence of r.
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Fig. 22. The values on the estimates g based  Fig. 23. The values on the estimates t
on the relationships (4) for different values  based on the relationships (4) for different
u, , view from the axis Ay values u,,
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DISCUSSIONS

From the results of experiments on Figs.3-10 it follows that the change of the
direction in the movement of the hydraulic cylinder rod brings to appearance of the
short transitional portion in the output response where the transitional portion cor-
responds to a significant increase of the gain g in the model (1) of the stand. Re-

search of stand amplitude frequency response in accordance with the experimental
scheme in Fig.13 gives the average estimate for the gain g and does not allow

identifying the change of g in the transitional portion. However, the experiments
based on scheme in Fig.13 reveal a general trend to increase g with an increase in

the reference input frequency. In particular, the dependence on Fig.15 can be used
to adjust the gain of the controller while changing the reference input frequency.
The emergence of self-oscillation mode during the experiment on the stand with
relay in the feedback loop (Fig.19) confirms the need for the introduction to the
mathematical model of the stand such additional dynamics as, for example, time
delay component. Test results for the scheme of Fig.19 allow estimating the
amount of equivalent delay for the model given by (1). Plot in Fig.23 shows that
the time delay 7t is slightly dependent on the experimental conditions. The increas-
ing of g (see Fig.21) when the relay amplitude u, is decreased in the experiment

on Fig.19 is also consistent with the results in Fig.12 and can be explained by an
increase in the transitional portion contribution to the processes in the closed-loop
system.

These studies reveal the cause of the high self-oscillating processes in the case
when the direction in the movement of the hydraulic cylinder rod is changed,
which took place in the testing stand with PI-controller [11]. In accordance with the
presented results, follow-up research will be aimed to develop a method of control-
ler design that allow to provide high accuracy realization of the mission loading
profile and at the same time to eliminate the occurrence of high-frequency self-
oscillating processes in the case when the direction in the movement of the hydrau-
lic cylinder rod is changed. In particular, an approach based on adaptive gain tun-
ing and time scaling [12,13] can be applied in order to resolve this problem.
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Experimental study of dynamical properties of a stand loading channel
for strength tests of aircraft structures
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Strength tests are necessary to increase aircraft reliability, to develop and validate rec-
ommendations on the aeronautical equipment service life. To carry out fatigue tests special full-
scale test stands which include tens of hydraulic actuators exercising a coordinated control of
the power loading mode of aircraft structural elements are developed. The need to accelerate
the process of strength tests and to increase the reliability of estimates for structural element
service life leads to high requirements to the implementation accuracy of structure power load-
ing cyclograms. The task discussed in the paper is related to the problem of hardware and soft-
ware development for the automation of the strength test process in the aeronautical equipment.
It is necessary to develop a stand mathematical model that is adequate to the test process to
make the right choice of the structure and parameters of the stand control algorithm, which fi-
nally increases the implementation accuracy of power loading cyclograms. In particular, the
problem of preliminary experimental studies of dynamic properties of a specially developed
single-channel stand for strength tests is set and solved in this paper. The description of an elec-
trohydraulic drive stand is provided in the work. The description of techniques of stand charac-
teristics experimental studies and the test results obtained are presented. A simplified mathe-
matical model of the stand in the form of an integrator with a link of transport delay in the con-
trol path is considered. Estimates of the mathematical model parameters which can be used fur-
ther to solve the problem of synthesizing power loading stand regulators are obtained on the ba-
sis of the tests.

Keywords: Aircraft design, strength testing, test stand, experimental results, fatigue
properties, control system, servo drive, mathematical model
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