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ABSTRACT: The presented study proposes an approach to accelerate the tests
intended to assess the impact of extreme external influences on the functional-
ity of specialized devices. For this purpose, models are proposed for describing
the probability of failure-free operation of specialized devices in areas close to
the limit values of the external effects parameters for which they are designed.
Examples are given for applying the approach to assess the impact of extreme
external temperature and mechanical impacts.
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1 INTRODUCTION

The concept of “specialized devices” is becoming increasingly popular however it is
not clearly defined in the existing literature. In most cases, this expression is used
for devices that meet at least one of the two conditions: they are intended for use
in an environment where external influences (temperature, radiation, vibrations, etc.)
differ significantly from the standard (so-called “extreme external influences”), or
have functional characteristics exceeding those of the most devices of the type (e.g.
ultra-precision, tiny- or over-sized, exceptionally light or heavy, etc.) [1-4].

For the purpose of this study, under “specialized devices” we will understand
those that meet the first of these conditions, i.e. devices intended for use in an envi-
ronment where external influences are significantly different from the standard ones.
The environment in which this type of specialized devices operates affects their work-
ing capacity through the impact of a number of factors that are described by some
authors as part of the so-called objective destabilizing factors. The main ones are the
temperature and mechanical impacts (mainly vibrations, accelerations and shocks).

The most commonly used approach in assessing the influence of external influ-
ence parameters on the performance of specialized sensors is to test the latter at nor-
mal and extreme values of these influences [1-7]. For example, if the specialized
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device is to operate at temperatures from -40°C to 60°C, it is placed for certain pe-
riods of time, and in a certain sequence, at normal temperatures (20°C) and at end
points ambient temperatures and is monitored for changes in its functionality. This
approach has proven its effectiveness, but due to the high requirements to the relia-
bility of specialized devices, it is necessary to carry out numerous tests, possibly with
a large number of identical sensors, in order to obtain a sample which is sufficient for
reliable statistical processing.

The aim of this study is to provide an approach to assess the impact of external in-
fluences on the functionality of specialized devices, reducing the number of required
tests. For this purpose, models are suggested for describing the probability of failure-
free operation of specialized devices in areas close to the limit values of the external
influences parameters for which they are designed.

2 GENERAL APPROACH

Let us assume that a specialized device is designed to operate under extreme influence
of a given environmental factor, whose value is denoted by Z. Then, in most cases [8—
12], the device is weakly sensitive to the Z variations in relatively large range around
its standard values — to values at which the transition to reducing the probability of
failure-free operation of the sensor (Z;) begins.

In this relatively wide area of external influences variations, the probability of its
failure-free operation is relatively stationary and can be denoted by Ps;. With ap-
proaching Z to the limit values for which the device is intended to operate (Z;),
the probability of its failure-free operation is still high, and in the vicinity of Z.,
it starts to tend to its minimum admissible value P,, and then it often sharply de-
creases (Fig. 2). According the technical requirements and as a result of specialized
devices prototype testing, usually the values of Py, Zg;, P., and P, are described in
the technical documentation of the device or in the documentation of the producing
company [8-10].

Considering the above said, as well as the known dependencies of the reliability
characteristics of most real devices [8—11], it could be assumed with sufficient confi-
dence, that in the vicinity of the Z parameters, the effect of its variation on the prob-
ability for failure-free operation of the specialized sensor P(z) for the Z > Z; area
could be described as an exponential function of the type

(1) P(Z), = Pste*alk(Z*Zst)k 7

where a1 and k are constants.

At k = 1, equation (1) is transformed into the standard and often used in such
cases exponential law, whereby the basis for positioning the exponential curve could
be the value of Z; (Fig. 1).
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Fig. 1. (Color online) General view of probability of failure-free operation.

In these cases, in general, P(Z) can be assumed to be standard, denoted by
P(Z),, and presented as

2) P(Z), = Pye~ 770

S
where a; is constant.

At k = 2, equation (1) is transformed into Gauss law, in which case P(Z) can be
denoted by P(Z),,. Considering this, the description of the probability of failure-
free operation of the sensor can be presented as follows:

3) P(2),, = Psexpl—as(Z — Zg)?],

where a is constant.

The constants a1, az and ag, and hence the general probability of the failure-free
operation of the sensor in the area of Z > Z, for the different P(z) models, can be
determined by the following transformations.

At k = 1, assuming that equation (1) is valid to values of Z equal or close to Z,,,
we can record that

4 P<Ze$>s - Pew = I'st eXp[_als(Zew - Zst)] , ie.:

 In(Py/P.y)
(5) “m= (Zea: - Zst)
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Ze

P(Z)s = Ps
(6) ( ) tExP z_Zst

At Gauss law describing the probability of failure-free operation, assuming that
equation (3) is valid to values of Z equal or close to Z,;, we can record that:

) P(Zea)y = Pe = Pue™ 2 ee =200,
whence,
In(Py /P,
(8) a2:L/er)2,
(Ze:p_ st)

or, replacing a9 in equation (2), we obtain

Pst) ((Z — Zst)?

) P(Z),, = Stexp[—ln(P 77|
exr exr S

Similarly, for random values of k& we get:
(10) P(Zez)k = Pea: = Psteialk(27ZSt)k7

from where we define the constant ay, as

In(Ps¢/Pey)

(11) ak:m7

or, replacing a1, in equation (1), we obtain

In (llj:i)(z — Zy)*

(Zez - Zst)k

(12) P(Z) = Py exp [—

When Z is replaced with Zg; or with Z, in equations (6), (9) and (12), for P(Z)
values equal to Py, and P,,, respectively are obtained.

Apparently, with the increase of & the gradient of P(Z) increases, making the
proposed model convenient to use for different in their physical nature specialized
Sensors.

In the case of unknown values of Ps; and P, finding the value of the constants
a and hence — of the general view of P(Z);, — could be determined after conducting
experimental studies to find probability values for failure-free operation of the sensor
at a value of Z greater than Z;.
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With the proposed P(Z) models of variation (equations (6), (9) and (12)) and a
specific value of k, it is possible to select a value of external impact parameter for
performing tests that is higher than the limit values (by about 25-30%) [8—12]. This
will lead to a reduction in the number of tests necessary to verify the manufacturer’s
declared probability of failure-free operation of the specialized sensors. The choice of
P(Z) and k variation model itself depends on the particular physical characteristic
of the external influence Z, and in some cases it is possible to use several models
simultaneously, with subsequent analysis of the results obtained.

3 ASSESSMENT OF THE IMPACT OF EXTREME EXTERNAL TEMPERATURE IN-
FLUENCES ON THE FUNCTIONALITY OF SPECIALIZED DEVICES

In this case, it is assumed that there is information about the average probability of
the failure-free operation (Ps;) of the specialized device in temperature range with
limits Ts; and for the limit value of the probability of failure-free operation (P, ) at
limit values of the temperature of the environment in which it is designed to operate
(Tez) [1,3,6,8,10,12].

Then, according to equation (10), in the vicinity of the interval (Ts;, Ter + AT),
the dependence of the probability of failure-free operation from the temperature
P(T') can be represented as
(13) P(T)y, = Pye kT =10

)

where a1, and k are constants.

Using the dependence between P.,, T, and P(Z), by transformations (equation
(12)) it is possible to determine the value of a;, and by substitution P(7") can be
written as

Py
1 ( s)T—T k
n B ( st)

(Tem - Tst)k

(14) P(T), = Py exp [—

Most often the impact of temperature on the probability of failure-free operation
of the specialized device is modeled by standard exponential law (model M1: at
k = 1) or Gauss law (model M2: at k = 2 we denote P(T"), with P(T"),, [1,4,5].

The type of probability of failure-free operation of the specialized sensor in these
two basic models can be written as follows:

M1: Replacing k£ with 1 and denoting P(T"), with P(T), from (2) we obtain

in (24)(T - T.)

(Tex - Tst)

(15) P(T), = Py exp

s
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M2: Replacing k with 1 and denoting P(T"), with P(T"),, from (2) we obtain

In <1€i> (T — Tyy)?

(Tex - Tst)2

(16) P(T),, = Py exp

In practice, Ts; and T, have two values, usually one in the area of positive and
one in the area of negative temperatures. Due to the identical nature of the P(T)
variation and in order to ease the description, in the following analyzes we will only
consider the area of positive temperatures and, if necessary, will describe the distinc-
tions for the negative temperatures.

Let us analyze the character of the dependencies of the probability of failure-free
operation of the specialized device in the two main models of its performance.

Let us assume that the following values are set: Py = 0.999, T, = 60°C, P., =
0.85 and T¢, = 80°C.

In this case the dependence for P(T') is as follows:

(17) P(T)s = 0.999 exp(—0.008076(Z — 60)) for k =1,
(18) P(T)ez = 0.999 exp(—0.0004038(Z — 60)2) for k = 2.

The graphical dependencies of P(T),, and P(T),, for this case are shown in
Fig. 2. It is seen that at AT = 10°C there exists an area of 1" from Ty; to T, + AT,
where the two models differ relatively slightly (up to 10%).

With a further increase in the impact temperature, the probability of failure-free
operation of the specialized device for both models is more and more different and
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Fig. 2. (Color online) Dependence of P(T) atk = 1 and k = 2.
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decreases significantly more slowly in the exponential model (M1) than in the Gauss
model (M2). Therefore, for values of 7" > T, + AT, it is not possible to work by
averaging data from both models, but it is necessary to select one of them.

The choice of a particular model could be done by additional tests for other 1" val-
ues greater than T, + AT. As aresult of these tests, their corresponding probability
of failure-free operation could be determined [5, 6].

The choice of model could also be done by expert analysis of the probable influ-
ence of temperature on the probability of failure-free operation of the particular type
of device. This, however, requires a good knowledge of both the mechanical and
hardware composition of the device and the mechanisms of temperature influence on
its individual components.

It is known that most specialized devices incorporate electronic and optical com-
ponents. In these cases the following more significant effects are observed [1,3,8,11]:

— Increasing the temperature results in the real value of the load coefficient be-
ing higher than the calculated value, i.e. the electrical mode of operation is
changed. Particularly sensitive to high temperatures are active semiconductor
elements and microprocessors. In the presence of cooling, especially active,
this effect is compensated in a larger range of temperature rise.

— Low temperatures have a detrimental effect on the plastic and rubber parts
of devices which crack and lose their insulation properties. At presence of
heating, this effect is compensated to a certain extent.

— In cyclic (e.g., round-the-clock) temperature variations in large scale, partial
moisture condensation occurs that not only reduces insulation properties, but
also increases energy losses in waveguides, reduces sensitivity of receiving de-
vices, and frequency stability of heterodynes, reduces the transmitters power
and stability, oxidizes contacts and leads to corrosion of metal parts. When
moisture is freezing, cracks in the materials increase, antennas and waveguides
are icing and the quality of the switching equipment operation is deteriorating.
However, if the device has hydro-absorbent materials, this effect is compen-
sated within certain limits.

The evaluation of these and other factors may lead to the conclusion that, in ad-
dition to the use of M1 or M2 model, it is possible, for example, for positive temper-
atures exceeding 7., the M2 model to be used, and for negative temperatures below
Te. —the model M1, or vice versa.

In order to reduce the number of tests in pre-control of specialized devices, it is
expedient to choose a model of variation of P(T') and to determine a test value (7})
in which the probability of their failure-free operation is less of the P(7T')c.
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Considering again the temperature range from 7T, to T, + AT it can be assumed
that the real model is between 1 and 2. For the example under consideration, this
allows the choice of test temperature of the device T3 = 90°C, where the probability
of faultless operation is assumed to be approximately 0.74. In this case, instead of
X, number of tests at temperature 7., = 80°C, it is possible to carry out X; number
of tests at temperature 73 = 90°C. If tests are accepted to be credible until 10 failures
are recorded, then because of the fact that P,,, = 0.85, the average number of required
Xz tests at temperatures T, = 80°C will be approximately 67. However, if tests
are carried out at temperature 7; = 90°C then because of the fact that the probability
of failure-safe operation of the device is approximately equal to 0.75, the average
number of required tests X, till obtaining 10 failures is about 38. It can be seen
that the implementation of the models allows for preliminary control of specialized
sensors with over 40% less testing.

4  ASSESSMENT OF THE IMPACT OF EXTREME EXTERNAL MECHANICAL IN-
FLUENCES ON THE FUNCTIONALITY OF SPECIALIZED DEVICES

Mechanical influences destroy or break the construction, fastening parts, plates, sol-
ders, connections, adjustments, etc., of the specialized devices.

Most often, mechanical influences are classified as impacts, vibrations, and accel-
erations [1,2,4,6,11,12].

The impact is a momentary application of external force on the sensor in a very
short time interval (milli- or microseconds). The overload that occurs in the impact
can be defined as

(19) Tim = V /295,

where V is the velocity of the object at the moment of impact [m/s]; .S is the displace-
ment of the object by the impact, or the total magnitude of the residual deformation
[m]; g is the Earth’s acceleration (9.81 m/s?).

Because V' and S are vector quantities, with some simplification it can be claimed
that the impacts is characterized by two main components — energy and direction.

Vibrations are prolonged alternating movements caused by forces occurring in
reciprocating or rotational motion of the sensor.

With simple harmonic linear vibration, overloading can be represented as

_ 28
250
where S is the amplitude of movement [mmY]; f, is the frequency of vibrations [Hz].

The most dangerous are vibrations that resonate at the own frequencies of the
devices components (e.g. for radio equipment these are frequencies in the range of

(20) Jo
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15 to 500 Hz [5,7, 8]). Besides, in most cases, real vibrations are a combination of
complex non-linear vibrations.

Because vibrations can be applied to different planes of specialized devices, they
can generally be characterized by at least three components — amplitude, frequency
and direction of application.

Acceleration is the change in sensor speed, with at least two components — value
and direction.

Considering the above, we can assume that a type of mechanical influence is
characterized by a number of individual components, each of which has a measurable
value (7).

Generally, the individual components of a particular type of mechanical influ-
ence affect complexly the probability of failure-free operation of the sensor, and each
of them has its own “weight” and correlation with the influence of the other compo-
nents. The separate influence and correlation between the influences of the individual
components of the mechanical influence are objects of statistical research and are rel-
atively well described in the existing literature. In general, it involves experimental
determining the probability of failure-free operation of the device at altering the in-
fluence of a single component of the given mechanical effect, while the effects of its
other components are fixed [2,4,6,9, 10].

As noted, at £ = 1 from equation (1) the dependence of P(Z) is transformed
into exponential law, and at £ = 2 — in Gauss law. These two dependencies can be
successfully used to model the effects of temperatures, humidity, radiation, etc. in
the vicinity of their limit values. In the case of mechanical influences, however, it
is advisable to take additional measures to specify the value of k for the particular
type of special device. For this purpose it is possible to perform an experimental
evaluation of the probability of failure-free operation for Z = Z;, where Z; is in
the interval (Zs;, Ze, + AZ), but is higher than Z.,. If we denote the value of this
probability with Py, it follows from equation (4) that:

Py (Z1 — Zg)*

21 Py = P(Z)) = Py ex —1n(5>7,
1) 1 (Z1) = Pa p[ Pon) (Zow — 21 )F
ie.,

Py (Z1 — Zg)" P
2 ex 1n( )7 _ ot
( ) P Pem (Zex_ st)k Pl
or

Py (Z1 — Zg)*

23) 1n( S>7:1HP P,
( Pe:): (Zea:_ st)k ( St/ 1)
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whence

In (&)
Z1— Zsa \F _ P
(24) <7) .
Leg — Lt 1n<PSt)
PGI
By logging the two parts of (24) and making transformations, we get the expres-
sion to calculate the value of k, which is of the type

In (&>
P1 1 ( Zl - Zst
ID(PSt) Lex — Lst
P@Z’
26) b In(In Py — In P;) — In(In Py — In P,.,)
In(Z1 — Zst) — In(Zey — Zst)

(25) k=1In ) , Or more,

To demonstrate the above, let us assume that as a characteristic of the probability
of failure-free operation of a given specialized device at vibrations of specified fre-
quency are set Py; = 0.999 at Sg; = 60 mm, P, = 0.85 at S, = 80 mm, and as a
result of additional tests it is found that for S7 = 90 mm the probability of faultless
operation is P, = 0.75.

Using equation (25) or (26), for k we get a value approximately equal to 1.415.

The type of P(Z) function at k equal to 1, 2 and 1.415 are shown in Fig. 3.

It can be seen that using models with values of £ = 1 and k£ = 2 without further
studies and specifying the value of £ would result in significant errors, even in areas
close to Z = Se;.

At the same time, it can be seen from the graph that while for an error of the order
of 0.1 for kK = 1 and £ = 2 it is allowed S to exceed S¢; by no more than 10 mm,

1 1 1 1 1 1
70 80 90 100 110 120 130 140 150 160

z

Fig. 3. (Color online) Function P(Z) atk =1,k = 1.415and k = 2.
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at k = 1.415 such error (compared to the other two models) is achieved when S
exceeds S, by about 20 mm.

At a specified value of k, it is possible the dependence of the probability of failure-
free operation of the sensor from S at vibration with specified frequency to be sim-
plified and for the examined example (k = 1.415) to obtain the type

= 0.1615(Z — 60)*
27) P(Z) = 0.999 exp ( _ i ) )
(28) P(Z) = 0-9996(_0'00233(Z—60)1‘415) ‘

It can be affirmed that at specified frequency of vibrations equation (12) approx-
imates relatively well the dependency of the probability of failure-free operation of
the examined sensor from S within the range of 60 mm to 90-100 mm. Therefore,
when performing tests, according to the capabilities of the laboratory equipment, it
is possible to use random vibration amplitudes within the specified range, and then
to calculate the value of P(Z). It is also possible to perform tests at the maximum
values of S' (90-100 mm), thereby significantly reducing (over 40%) the number of
tests to preliminary verify the reliability of the declared probability of the sensor
failure-free operation.

5 CONCLUSIONS

An approach is proposed to accelerate the tests intended to assess the impact of ex-
treme external influences on the functionality of specialized devices. The approach is
applicable when there is data about the stationary and the limit value of the probabil-
ity of failure-free operation of the specialized devices, as well as their respective val-
ues under a specified external impact parameter. The approach is further developed
and demonstrated for the most common extreme external influences - both tempera-
ture and mechanical - in which the specialized devices operate. It has been found that
the proposed approach could lead to a 40% reduction in the number of tests required,
which in turn is associated with significant savings of time and financial resources.
Although the limitations introduced refer to a wide range of practical situations, be-
fore using the proposed approach it is necessary to assess whether the hypotheses of
its applicability are adequate to the particular device and the environment of use.
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