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Abstract

During vibration tests of structurally complex equipment on electrodynamic shakers, the measured
vibrations on the shaker table, test fixtures and various places of the tested product may differ. One of the reasons
is the deformable shaker table, the stiffness of which can significantly affect the results of vibration tests. The
electronic equipment being tested, as a rule, does not have an axisymmetric shape and therefore, during testing, it
is very difficult to align the center of gravity of the product and the vibrating table or equipment with the axis
passing through the center of the shaker table. The paper theoretically shows that the shaker table can be considered
a rigid body only if there is no displacement of the weight of the tested product from the center of the table, as
well as at excitation frequencies significantly lower than the critical frequency of the table. For theoretical analysis,
the disc-shaped shaker table is presented in the form of a thin plate. Vibrography of the vibrating platform
experimentally confirmed the effect of increasing vibrations when moving away from the center of the shaker
table. If during vibration tests it is not possible to place the electronic unit coaxially with the center of the vibrating
table, it is necessary to monitor the value of vibrations at different points of the tested product, for example, at the
points farthest from the center.
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Introduction

Products of electronic equipment used in space and aviation equipment are subject to significant overloads
(10...20)g [1]. One of the main parameters of such equipment is their vibration resistance. The specified equipment
is subject to increased requirements for vibration protection, since the failure of a relatively inexpensive
interconnection, electronic unit or component can lead to the destruction of the entire aircraft [2]. Therefore, during
production and operation, on-board electronic equipment is subject to mandatory testing on various types of
shakers. Electrodynamic shakers are used for testing electronic devices, assemblies and aircraft units [3, 4]. The
accuracy of vibration test results significantly depends on the accuracy of the measured vibration parameters.
Idealizing a shaker table or test fixture as an absolutely rigid body increases vibration measurement errors. To
improve the quality of vibration tests, it is necessary to take into account the deformability of the vibrating table
and equipment.

Literature review

The most important link in the system for ensuring the quality of vibration impacts transmitted to the object
during vibration and impact testing of products is the fixture for attaching the test product to the table of an
electrodynamic vibration stand [5, 6]. Such fixturte can introduce distortions into the process of vibration
transmission from the vibrating table to the product being tested [7]. Vibration monitoring based on readings from
sensors installed on the shaker does not reflect real vibrations. Analysis of the results obtained from many vibration
tests of electronic control units of aecrospace equipment showed a significant spread between the level of vibrations
measured on the shaker table and the vibrations of the test fixture or products being tested [8].
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When testing electronic equipment, which, as a rule, does not have an axisymmetric shape, it is very
difficult to align the center of mass of the product and test fixture with the axis passing through the center of the
shaker table. If the axis of the shaker rod and the exciting force acting along this axis do not pass through the center
of mass of the product with the table, a bending moment occurs. The associated vibrations of the entire system in
planes perpendicular to the plane of the shaker table are superimposed on the main vibrations and further
complicate the vibration response. This has prompted many researchers to further investigate vibration
transmission models during testing. [9-13].

The authors in [9, 13] created a mathematical model of an electrodynamic shaker, which takes into account
the transmit of mechanical load from the launch vehicle to the spacecraft. Possible distortions of the center of
gravity of the tested product are taken into account. For this purpose, modal analysis and the design of experiments
(DOE) method were used. As a result, three shapes of the shaker head expander were proposed to select the
geometry with the best vibration characteristics.

The work [10] shows the principle mechanical and electrical parts of a lumped-parameter, one-dimensional,
three DoFs, electromechanical shaker model and describes a basic model of a Modal shaker. It was shown in
[11,12] that due to the unbalanced radial electromagnetic force and the displacement of the center of gravity of the
tooling or test sample, in practice, an electrodynamic shaker can generate significant vibration in the transverse
direction. As a result, the accuracy of vibration control of the equipment under test is greatly reduced. To take into
account the lateral vibration of the moving system, a dynamic model of an electrodynamic shaker with 7 DOF was
developed in [11].

Purpose

The purpose of this work was a theoretical analysis and experimental study of the influence of the
deformability of the VEDS-200 shaker table on the magnitude of the measured vibrations.

Research methodology
Dynamic model of vibrations in the assumption of an absolutely rigid shaker table

Let us consider the process of vibration testing of an electronic product mounted on a shaker, containing a
housing and a printed circuit board. In this case, we assume that the shaker table is a rigid body with a mass that
much exceeds the mass of the test product. The electronic unit under test, as an oscillatory system, consists of two
passive masses, representing its body and board, which are interconnected by elastic elements.

In the general case, the oscillatory system is elastically connected to the movable platform of the shaker.
The movement of the moving platform is determined by the kinematic excitation of oscillations of the system
under study. Assuming a significant excess of the mass of the moving platform of the vibration stand compared to
the masses of the body and board, a discrete model with 2 DOF, which is presented in Fig. 1.

The motion of such a two-mass oscillating system is described by a system of differential equations

m (2, = 2))+hkz +k,(z,—z,)+ ¢z +¢, (2 -2,) =0, "

m2(22—20)+k2 (ZZ_ZI)+CZ(Z'2_Z.1):O’

where m is the mass of the body of the block, represented by a solid body installed on the elastic-dissipative
support of the fastening node with a stiffness coefficient £ and a vibration resistance coefficient ci;
m; is the mass of the electronic board, whose elastic-dissipative support models the elastic-dissipative
properties of the board itself with a stiffness coefficient &, and a vibration resistance coefficient c»;
zi (i=1, 2) is displacement of masses m;
zo=Zpsinat — is the harmonic oscillations generated by the vibrating platform. The function zo(#) describes
the movement of the moving platform of the shaker, causing the kinematic excitation of the vibrations of the
system under study.
The solution of the system of equations (1) has the form:
z, =U, coswt+V,sinwt, )
z, =U, coswt +V, sin wt. @

After substituting (2) into (1), we obtain a system of four linear algebraic equations for unknowns U, V; (i
=1,2):
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The amplitudes of mass oscillations m; and m; are determined by the formulas:

=,/U12+V12 , Z, :«/U22+V22 ) 4)

Given the statement of the problem, from system (3), using formulas (4) we obtain expressions for

n

determining the relative amplitude of oscillations Z =

in particular, for mass m», which simulates the
0
concentrated mass of the tested electronic device:

Z, = > Q)

where

(6)
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In the considered model, the shaker table is presented as a rigid body. However, monitoring vibrations at
various places on the shaker table shows that this is not the case, and in fact the table can become deformed
[13, 14]. We theoretically study the influence of finite stiffness on the deflections of a shaker table made in the
form of a disk.

Mathematical model of a shaker table represented by a flexible thin plate

A typical design of the moving part of an electrodynamic vibration stand is shown in Fig. 2. A vibration
table with a thickness 4 and a radius b is rigidly bolted to a cylindrical rod with a radius a, which performs vertical
reciprocating movements at the frequency of the generator of the shaker control system. As a rule, for most
vibrating tables the following condition is met 0,025 < h/a < 0,2, therefore, to estimate the rigidity and deflections
of the vibrating table, you can use the theory of calculations symmetrical bending of thin circular plates with small
deflections [15].

Let us consider an approximate model of a shaker table in the form of an elastic round plate, rigidly clamped
along the contour with a radius =a (Fig. 2). The load on the shaker table be distributed uniformly with intensity
q.

| m, rod shaker
table

k2 C2 i
s q
m

A

=
-

z,S8inQt a >
Fig. 1. Dynamic model of oscillations of an electronic Fig. 2. Load scheme of the deformable

product fixed on a rigid shaker table shaker table by its own weight
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In the polar coordinate system, plate deflection and load are functions of » and &, respectively: w(r,0),
q(r,0). The differential equation of a curved plate has the form [15]

D d_2+li+id_2 ﬂ+ld_w+Ld2_W — (7)
ar* rodr ¥ de* \\dr* r dr r* dé? —1

where w=w(r) is the deflection as a function of the coordinate r;
q is the uniformly distributed load on the surface;

ER’
D_12(1+y2)

A is the Poisson's ratio.

The problem is axisymmetric if the load on the plate, as well as the conditions for securing its edges, do
not depend on the polar angle 6. Then the deflections do not depend on the polar angle &, and they are only a
function of the coordinate w=w(r). The general differential equation for the equilibrium of the curved middle
surface of a circular plate has the form

is the bending stiffness of the plate;

d4W+g.d3W+_L.dz_W+i.d_W_l (8)
art  r dr P odrt P dr D

Integrating (8), we obtain the equation of the rotation angles

4
7
w—q

—64D+C1+C2 Inr+Cr* +C,r’ Inr. )

The linear radial bending moment is equal to

2
M, =-D dvzv+ﬁ+d—w =D ﬂ+,u£ (10)
dr rodr dr r
where ¢ = —ZI—W is the angle between the tangent to the curved middle surface and the axis r.

r

To determine the integration constants in solution (7), we have the following boundary conditions:
1) r=a,w=0;

2) r=a, p=0;
3) r=b, M,=0;
2
4 r=b, 0=M:__pd d;”+ﬂ+d—w =0;
dr dr\ dr r dr

Substituting the deflection functions into these boundary conditions w(r) (7), moment M,(r) (8), angle ¢(r)
and reduced shear force Q(r), we obtain the following matrix system of equations:

qa
1 Ina a2 azlna _64D
0 a' 2a a(l+2Ina) G qa’
o | |-
-1 _| 16D
0 ”bz 2(14+ 1) 2Inb(1+u)+3+u | Cz | : (1
-2 (3
2(1- 1) » ¢,) |10t
0 - 0 2670 (14 ) b
b _49° 3
53+ H)

Solving system (11) we find the integration constants Ci, Cz, C3, Ca.

To illustrate the nature of the behavior of dependence (7), an analysis of the obtained results was carried
out on the example of the deflection of the shaker table of the laboratory vibration stand VEDS-200, the appearance
of which is presented in fig. 3. The technical characteristics of the shaker are given in the table. 1. The
characteristics of the shaker table of this vibrating stand are given in the table. 2 To calculate the maximum
deflections, we will use the maximum permissible load conditions from the technical specifications. At the same
time, the transverse force is uniformly distributed over the surface of the vibrating table with intensity g=11493
H/™2.
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Table 1.
VEDS-200 Shakers specifications
Maximum of Maximum Displacement  Frequency ranee Acceleration Acceleration
force shaker payload p q y rang without load with maximum load
2000 N 45 kg 12,5 mm 5-5000 Hz 40g (392 m/s?) 4g (39 m/s?)
Table 2.
Shaker table specifications
Material Table’s Radius  Rod’s Radius Height Young’s modulus  Poisson's ratio
Aluminum 5=230 mm a=90 mm h=25 mm E=70 GPa 40,34

Having solved system (9), we obtain: C;=-0.0538-103, C=-0.0172-1073, C:=-0.8828-107, C4=-0.9994-,
Analytically calculated according to dependence (7), the shape of the middle surface bend in XYZ coordinates is

presented in Fig. 4, where » = /x” + .
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Fig. 4. Static deflection of the shaker table at
Fig. 3. Shaker VEDS-200 with a test electronic unit absence of displacement

The analysis of dependence (7) shows that the rigidity of the shaker table decreases sharply when moving
away from point O to the edge of the table. Therefore, when testing large-sized blocks, the attachment of which to
the vibrating table is located at a distance r>a, the idealization of the shaker table as a rigid solid body in the
dynamic model (1) is unjustified. In the model of the testing process, it is necessary to introduce an additional
spring with a stiffness of k3, which takes into account the elastic properties of the shaker table. Such a spring is
connected in series with a spring with stiffness ki, simulating the stiffness of the body of the electronic product.
The resulting rigidity of the vibrating table-body system k3 is less than k;:

kk
ki = =,
k +k,
which explains the phenomenon of a decrease in the real critical speeds of the shaker-product system and an
increase in vibrations compared to those expected in the range of operating frequencies of the shaker.

Results of experimental studies and discussion

To experimentally confirm the deformability of the shaker table and assess the influence of elasticity on
the level of vibrations at different points on its surface, experimental studies were carried out. The subject of study
was the VP-90M platform of the VEDS-200 shaker expansion table in the form of an aluminum plate. Before the
study, the platform was divided into 12 sectors.

In each sector at a distance of 100; 330; and 560 mm from the center, the working vibration sensor was
alternately fixed (Fig. 5). A control vibration sensor was fixed in the center of the shaker table. Both vibration
sensors, complete with the amplification equipment of the shaker, were pre-calibrated for an acceleration of 1g. A
vibration sensor of the ABC 027-01 type (Fig. 6) complete with a matching amplifier and a VZ-38 millivoltmeter
was used as a reference. Sinusoidal oscillations with an acceleration of 1g were applied to the shaker table. The
acceleration values were monitored by a working vibration sensor fixed alternately around a circle with a radius
of 100, 330, and 560 mm in each of the 12 sectors of the surface of the vibrating table platform. The study was
conducted for 28 frequency values in the frequency range of 5-1000 Hz. Based on the obtained values of vibration
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overloads, diagrams of the distribution of vibration overload on the surface of the shaker table were constructed.
Examples of diagrams for sampling frequencies {100, 300, 450, 650, 800, 1000} Hz are presented in fig. 7.

Fig. 5. Scheme of the location of the sensors Fig. 6. Sensor ABC 027-01
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Research results show that the values of vibration overloads at different points of the platform of the
vibrating table differ significantly from the values measured in the center. They can be from 3 to 6 times less than
specified (for example, at f =450 Hz), or from 7 to 17 times greater (for example, at =300 Hz).

Electronic equipment that undergoes vibration tests on electrodynamic vibration stands can have a weight
from units to thousands of Newtons. The design of structurally complex electronic devices can be considered as a
system consisting of a large number of masses with elastic-damper connections (case, printed circuit boards,
components, fasteners, connectors, etc.). Such an electronic unit, having many natural critical frequencies, installed
on the vibrating table platform, will further increase the difference in vibration values at the center and other points
of the shaker table.

Conclusions

A real shaker table can be considered a rigid body only if the axis of the shaker table rod and the line of
action of the exciting force passes through the center of gravity of the test product and test fixture, and also at
excitation frequencies significantly lower than the critical frequency of the table. When modeling and simulating
electrodynamic shakers, as well as during vibration testing of electronic device structures, it is necessary to take
into account the stiffness of the shaker table. Varying the flexibility and deformability of the shaker table makes it
possible to more accurately determine the real resonant frequencies of the table testing system. These resonant
frequencies are lower than in the case when the shaker table is considered a rigid body. In addition, deformation
of the shaker table leads to the fact that the vibrations at different points on its surface are not the same. In practice,
this means that when testing an electronic unit, control of the vibration level in the center of the vibration table is
inaccurate. Vibrations exceeding the control value can be transmitted from the table to the test fixture and the
electronic product being tested, and there they can intensify many times over.

In order to increase the accuracy of test results, it is necessary to comply with the condition that the line of
gravity of the device being tested coincides with the axis of the shaker table rod or lies as close as possible to it.
In this case, the rigidity of the table is much higher than the rigidity of the product or fastening, and the elastic
properties of the table can be neglected.

If during vibration tests it is not possible to place the electronic unit coaxially with the center of the vibrating
table, monitoring the vibration value must be carried out at different points of the tested product, for example, at
the most distant points from the center.
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Topomiko A.B., 3emOunbka M.B. AHamni3 BIUIMBY »OPCTKOCTI BiOpOCTONAa Ha TOYHICTH Pe3yJbTATiB
BiOpaImifHUX TeCTyBaHb SJICKTPOHHUX BUPOOIB

ITpu BiOpamiitHux BUMPOOYBaHHSIX CTPYKTYPHO-CKIIATHOI €JIEKTPOHHOI arapaTypy Ha eJIeKTPOIMHAMIYHUX
BiOpocTeHIax BUMIpsHI BiOpallii Ha cTOJI, OCHACTIN 1 PI3HUX MICIIIX TECTOBAHOTO BUPOOY MOXKYTh BiIPi3HATHUCH.
OpHiero 3 MpuUrH € AeGOPMiBHUHN CTiT BIOPOCTEH A, )KOPCTKICTh SIKOTO MOYKE CYTTEBO BIUITMBATH HA PE3YJIbTATH
BiOpauiiiHux BUNpoOyBaHb. TecToBaHe eJEKTPOHHE 00Ja(HaHH SIK [IPABUJIO HE Ma€ BiceCUMETpHYHOI (hopMH i
TOMY IpH BUIIPOOYBAHHSX Jy’€ CKJIaJIHO CyMICTUTH LIEHTP Mac BUpoOy i BiOpocTosia ab0 OCHACTKH C BiCCIO, SIKa
IPOXOIUTH Yepe3 LIEHTP BiOpocTona. B poboTi TeOpeTHYHO TIOKAa3aHO, IO BiIOPOCTL MOYKHA BBAXKATHU YKOPCTKUM
TLJIOM JIMIIIIE 32 YMOBH BiJICYTHOCTI 3MILIIGHHSI CHJIM Bark TECTOBAHOTO BUPOOY BiJl IEHTPY BiOpOCTONA, @ TAKOK Ha
yacToTax 30y/KCHHS, 3HAYHO MEHIIMX 3a KPUTHYHY YacTOTy cTousa. J{JIs TeopeTHuHOro aHajizy BiGpocTisl y
(dopMi AMCKY TpEACTaBIICHO y BUIVIAJAI TOHKOI IUIACTHMHU. 3a JIONMOMOrol0 BiOporpadyBaHHS BiOpariiHOi
m1aTGopMu  eKCIIEPUMEHTAIBHO TMIATBEP/HPKEHO eQEeKT 3pOoCTaHHS BiOpamiii MpW BiAmaldeHHI BiX LEHTPY
BiOpocToya. Skmio mij dac BiOpamiiHUX BHUMPOOYBaHb HEMA€ MOMJIMBOCTI PO3MICTHUTH EIEKTPOHHUN OJIOK
CITIBBICHO 3 IEHTPOM BiOpPOCTOIIA, KOHTPOJIb 32 3HAUSHHAM BiOpalliii HeoOXiqHO 000B’I3KOBO MPOBOANTH Y Pi3HUX
TOYKaX TECTOBAHOTO BUPOOY, HAMPUKIIAJ Y HAWBIINATICHIIINX TOYKAaX BiJl IICHTPY.

KurouoBi ciioBa: BiOpariiini BUIpoOyBaHHsI, BIOPOCTEH I, OCHACTKA, EICKTPOHHUI BUPIO



