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Article suggested spectral method of assessing the measurement devices dynamic uncertainty that allows to investigate
measurement accuracy in dynamic operating conditions in frequency domain and to estimate amplitude values of
dynamic uncertainty based on input signal frequency characteristic and spectral function. The results were approbated
when evaluating the engines vibration acceleration dynamic measurements uncertainty. It was established that
maximum value of vibration acceleration dynamic measurement uncertainty amounts to 0.137 m/s’ for observation time
of 600 sec and vibration acceleration signal nominal value of 0.35 m/s’ at a frequency of 6 kHz.
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Introduction. Conducting experiments using measuring devices (MD) under dynamic conditions is
becoming increasingly widespread in many areas including scientific research, technology, manufacturing
industry, commerce, and medicine. Dynamic measurements are related primarily to the study of the
regularities in the passage of physical processes in the subjects under study. Therefore, the role of such
measurements is particularly significant, firstly, in the fields of science related to the study of the structure of
matter, the analysis and synthesis of new substances and materials, the study of objects under experimental
conditions. Secondly, it is important in the fields of technology, manufacturing and medicine, which are
characterized by the creation of new technological processes and the testing of new MDs, by taking the
concept of representation of the quality of measurements into account.

When compiling a report on the results of dynamic measurements, it is necessary to demonstrate
quantitative values of the quality of measurements so that their reliability can be correctly assessed [1, 4, 7,
9]. Without such values, the results of dynamic measurements cannot be compared, neither with each other
nor with reference values. Therefore, it is necessary to propose methods for estimating the quality
characteristics of dynamic measurements. In this case, it is necessary to take into account the fact that during
dynamic measurements a transient mode of operation of the MD will also be present at some stage, during
which the signal from the output of the measuring device changes significantly over time. These
circumstances are due to the inertial properties of the MD, since they consist, as a rule, of a set of different
masses and springs, capacitances and inductances, and other inertial elements that lead to the manifestation
of dynamic uncertainty. The equation of the transformation of the MD, which displays its statics properties,
is unacceptable in a dynamic mode. In this case, we must go to the differential equations that describe the
dynamic relationship between the output y(¢) and the input x(¢) values of the measuring devices [5, 6].

In view of the above, there is a need to develop methods for estimating the uncertainty of dynamic
measurements that would meet international requirements for estimating the characteristics of the quality of
measurements, which is a topical scientific task in the field of metrology.

The purpose of this article is the development and mathematical description of a method for
estimating the uncertainty of dynamic measurements, which would allow taking into account the inertial
properties of the measuring device and the passage of the measurement signal through it.

To represent a differential equation in the frequency domain, the differentiation symbol for the time

coordinate d/dt is replaced by jw and thus the transfer function H ( ja)) of the corresponding measuring

transducer is obtained [5, 8].
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Convenient for practical use are the frequency characteristics of measuring instruments, which are
given in Table [8].

It is also known that the concept of estimating and expressing measurement uncertainties existing in
international practice [9], does not describe how it is possible to assess dynamic uncertainties when
conducting metrological work.

Frequency characteristics of the MM Typical Units
H ( ja)) =K, Non-inertial (ideal measurement
transducer)

where K is the transmission coefficient
H(jo)=K/(1+ jor),

where 7 is the time constant determined by the parameters of the MM

Aperiodic (temperature transducer)

H ( ja)) =K/jo Integrated (integrated amplification)
H ( Jj a)) =K (1 + ja)r) Forcing (differential amplification)
H ( j a)) = exp (_ ja)f) Delay (analog-to-digital converters)

. _ . o 02-2)
" (Ja)) - K/ (1 TJen et ) Oscillating (electromechanical
= K/(1+2ja),b’z'—a)zz'2) transducers)

From [1, 9], it is only known that there are methods in existence of evaluation of type A and type B,
as well as forms of representation of uncertainties: standard, combined and extended. The definitions of these
uncertainties are presented in [9]. Such distinguished works as [6, 7] in which dynamic uncertainty is
calculated as a standard uncertainty of type B, which is determined by the dynamic error divided by the
square root of three (assuming a uniform distribution law). The use of classical theories of determining the
dynamic error in the expression of dynamic uncertainty is unacceptable, since the concept of measurement
uncertainty, which is set out in an international standard [9], moves from the notion of measurement error, as
such, which is not known and is not subject to being determined, as opposed to measurement uncertainty
which can be evaluated. For a given measurement such a result does not have a single value, but has an
infinite number of values scattered around the result. Therefore, there is a need to develop a new method for
estimating dynamic uncertainty, which could be determined without using the dynamic error used in the
theory of errors.

Method for estimating the uncertainty of dynamic measurements. If the equation of the
transducer under measurement can be represented in the form

Y =Ke X, (1)
where X is the measured value of the physical quantity (input signal); K¢ is the coefficient of the conversion of
the measuring device and Y is the measurement result (output signal), then the mathematical expectation for the
input signal will be equal to M[.X], and the mathematical expectation of the output signal will be equal to

M[Y] = Kc M[X], (2)
where M[Y] and M[X] are the corresponding mathematical expectations of the output and input signals of the
measuring device, respectively.

The spectral density of the input signal X(¢) has the form [4, §]

Hy(®) = lim(2T) ' |X (joo)|
where X(jw) is the Fourier image obtained by replacing the value in the operand of the image X(s) by the

values of s for jw; T is the time of observation; w=2mnf.
The expression for the spectral density of the output signal can be represented by the expression

Hy(w) = im(2T)" Y (jo)|

The relationship between the images of the output and input values gives us an expression for the
transfer function of the measuring device [4, 8]

K. (s)z%=§3ksk/§Aqs", 5)

where Y(s), X(s) are the operator images of Y(z) output and X(z) input signals, respectively; k, g are the order
of the derivatives of Y and X, respectively; 4,, By are the coefficients of the differential equation.

, when T — o0, (3)

, when T - . 4)

ISSN 1607-7970. Texn. enekmpoounamira. 2017. Ne 4 73



Therefore, we can write that [7, 8]

. 2
Hy(a))=|Kc(]a)X HX(C‘))’ (6)
where Kc(jw) is the frequency characteristic of the measuring transducer.

The uncertainty of the output signal for dynamic measurements can be defined as the square root of
the integral of the spectral density of the output signal over all frequencies [8]

1/2

un<w>=ﬂW(Ich(fw)rHx(www]m=ﬂ‘/Z(T1]:|Kc<fw>|zlx<fw>|2dwj S

where |KC ( ]a))| is the frequency response module of the measuring device, used for dynamic

measurements.
The frequency response module of the measuring device is determined by the formula

|Kc(ja))| = (az(a))+b2(a)))1/2, (®)

where a(a)) , b(a)) are respectively, the real and imaginary parts of the frequency response MD K . ( J a)) [8].
The spectral function of the incoming signal X(jw) is related to its time function X(?) by the Laplace

expression X(jo)= IX (t)e " dt, )
0

where @, is the cyclic frequency of the input signal [4 - 8].

For a finite time interval, the infinity sign may be replace by the total observation time 7.

To represent uncertainty of dynamic measurement (7) as a function dependent on time up(¢), the
Fourier expression for inverse transformation may be executed

up(t)=7" [uy(w)edo=7" D up(w)cos(et)dw + ju,(w)sin(ot)do |. (10)
0 0 0
Thus, the uncertainty that is introduced due to the limited properties of the measuring device used for
the dynamic measurements can be estimated in the time domain, based on the model equation of the spectral
function of the input signal and the frequency response of the measuring instrument used by formula (10).
Evaluation of the uncertainty of the dynamic measurement of vibration acceleration. In
accordance with [2], in a linear approximation, the mechanical oscillating system can be represented by one
or a combination of the links of the first and second order, i.e. oscillatory link. Therefore, to analyze a
mechanical oscillation system, we can use the well-known application of the theory of linear systems. In this
case, the vibrations that are registered at the point of positioning of the accelerometer on the node of the
bearings of the electric motor represent its response to the impact of the vector generating process [2]. The
differential equation describing the dynamic relationship of the input and output values of the vibration
acceleration measuring transducer has the form [3, 4]

X (1)
dar’
where F(1) =Focos(a)ot) is the harmonic forced power of the oscillation of the surface of the object (input

+2h

dX“t(t)+h]fXS(t):icos(a)0t) , (11)
m

value); Fy is the force amplitude; w, is the angular frequency of forced power; X(¢) represents the the
mechanical vibrations of the inertial mass; m is the mass of the accelerometer; c is the damping variable; & is

the equivalent rigidity of the piezoelements, & =c/2m is the damping coefficient; 4, =./k/m is the critical

value damping coefficient [3, 4].

The accelerometer is located on the bearings of the electric motor and performs spot metering of the
vibration in the frequency range from 6 kHz to 10 kHz, which is created by the operation of the roller
bearings. Vibrations generated by other excitatory forces should be considered as interference [2].

The transfer function of the measuring device will take the form of
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KMM
2 272
s°+2hs+h;
where Ky, is the coefficient of proportionality of the measuring channel of vibration acceleration.

Turning to the domains of frequency and separating the real and imaginary parts, we obtain an
expression for the module of the frequency characteristics of the measuring device for vibration acceleration

/2
| KMM |_ KMM 1
|K G )|_| ja) +2h(]a) +h2|_{ _2a)2hk2+4a)2h2+h::| ' (15

H(s)= (12)

The input signal Fym~ cos(a)0 ) of vibration acceleration has the form of

-1
X (jo)= joF,(o; +(jo) ) m”, (14)
where @, is the cyclic frequency input vibration acceleration, which ranges from 6 to 10 kHz that is, with a

minimum value of 18,849.5 and the maximum value is 31,415.9 radians/second.
The module image of the input vibration acceleration is written as

-1

|X(ja))| = wF, (a)g —a)z) m. (15)

From source literature [3, 4], it is known that the amplitude of forced harmonic power Fj is 3- 10~ m

The mass of the accelerometer is m=4-10"2 kg. The damping variable for the piezoelectric accelerometers is
equal to 0,5, equivalent rigidity of the piezoelements is k=2, and the minimum observation time 7=300 s. The
proportionality factor or gain Ky, of the measuring channel of the vibration acceleration is 10°.

Substituting the resulting values of the module of the frequency characteristics (13) and the image of
the input signal (15) in equation (7), we obtain an expression for the evaluation of the uncertainty of dynamic
measurement of vibration acceleration in the spectral area
~ 12
o MszE)z(wg _a)z) mez

V)
up (@) =7\ T '([a)4—2a)2h,f+4a)2h2+hf

(16)

To represent the characteristicsof the changes in the uncertainty in the dynamic measurement vibration
acceleration in the time domain, which is caused by the inertial properties of the measuring transducer in its
dynamic mode we must express a Fourier expression for inverse transformation in the form of (10).

Since expression (10) consists of real and imaginary parts, and in assessing the uncertainty we are
interested in the amplitude value of dynamic uncertainty, expression (10) may now be written as

L2
t)|= (J./z'l/zuD (w)cos(at) da)j Uﬁ s1n(a)t)da)j . (17)

For the solution of equation (17) in the light of equation (16) we used the Maple 9 mathematical
package [10]. Substituting into expressions (16) and (17) the values for the impact coeffici-ents given above,
we obtained the amplitude value of the dynamic uncertainty of the measure-ment of vibration acceleration,
which equals 0,095 m/s* when the frequency of the input signal of the vibration acceleration is 10 kHz, and
time of observation of the vibration acceleration 7=300 s. If the time of observation is increased to 600 s at
the same frequency of the input signal of the vibration acceleration, the value of dynamic uncertainty
decreases to 0,065 m/s’.

At the minimum frequency of the input signal of the vibration acceleration of 6 kHz, and with an
observation time of 300 s, the value of dynamic uncertainty is 0,194 m/s’. If the observation period increased
to 600 s at a frequency of input signal of the vibration acceleration of 6 kHz, the value of dynamic
uncertainty is reduced to 0,137 m/s*> . The nominal value of the signal for vibration acceleration of the
bearings of the electric motor of the motor is 0,35 m/s® [3, 4]. Characteristics of the change of dynamic
uncertainty of the measurement of vibration acceleration depending on the time variable which were
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obtained using the Maple 9 mathematical package [10] are presented in Figures 1, with the minimum value
of the frequency of the input signal of the vibration acceleration of 6 kHz with observation times of 300 s
and 600 s, are respectively.

Characteristics of the change of dynamic uncertainty of the measurement depending on the time
variable which were obtained using the Maple 9 mathematical package [10] are presented in Figures 2, with
the maxi-mum value of the frequency of the input signal of the vibration accelera-tion of 10 kHz with
observation times of 300 s and 600 s, are respectively.
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Thus, based on the proposed spectral method of evaluation of uncertainty of dynamic measurements,
the evaluation of the uncertainty of dynamic measurements of vibration acceleration of roller bearings of the
electric motor was achieved. This was achieved based on mathematical models of the spectral function of the
input signal of the vibration acceleration and frequency characteristics of the measurement transducer for the
vibration acceleration. This resulted in obtaining the opportunity to take into account the values of dynamic
uncertainties when assessing combined total uncertainty of the measurement of vibration acceleration.

Our research resulted in establishing, (Fig. 1, Fig. 2), the shorter the period of time of the observation of
the signal of the vibration acceleration of a moving object, roller bearing in this case, the greater the value of
the dynamic uncertainty of the measurement. Therefore, to reduce the impact of dynamic uncertainty of
measurements in the assessment of the results of the measurement of vibration acceleration, we must ensure
an observation time of at least 600 s.

Conclusions. The proposed spectral method of evaluating the uncertainty of dynamic measurements
allows the calculation of the amplitude values of dynamic uncertainties, taking into account the international
requirements for the evaluation of the quality of measurements - the concept of uncertainty. It helps to ensure
the uniformity of measurements and enables comparison of the results of dynamic measurements made by
different measuring devices and testing by different laboratories of leading countries. This method was tested
when evaluating the dynamic uncertainty of the measurement of vibration acceleration of the roller bearing
of the electric motor, which proved its validity and effectiveness.
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B cmamve npeonosicen cnekmpanvhbiii Memoo oyeHKU OUHAMUYECKOU HeOnpeoeleHHOCU U3MEPUMENbHBIX NPUbopos,
KOMOpbitl NO360151em UCCIe008AMb MOYHOCTND USMEPEHUT 8 OUHAMUYECKUX PENCUMAX IKCIIYAMAYUU 8 4acmomHou 0o-
Jqacmu, oyeHusams AMNAUMYOHble 3HAYEHUsI OUHAMUYECKOU HeonpeoeleHHOCMU HA OCHOGe YACHOMHOU XapaKmepuc-
MUKYU U CNeKmpanbHol yHKyuu 6xo00H020 cuenand. Pesynomamul 6vliu anpobuposansl npu oyeHusanuu Heonpeoe-
JIEHHOCMU OUHAMUYECKUX UBMEPEHUT] BUOPOYCKOpeHUs dekmpodguzamenei. Ycmanosneno, umo MakcumanbHoe 3Have-
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. 2

HUe OUHAMUYECKOU HeONnpPeOeleHHOCIU UsMepenus subpoyckopenus cocmasisem 0,137 m/c” npu epemenu Habmiooenus
2

600 ¢ u HomunarbHOM 3HAYeHUU cucHana eubpoyckopenus 0,35 m/c” na wacmome 6 kl'y. bubn. 10, Tabn. 1, puc. 2.

Knrouegovle cnoga: TuHaMHUYecKash HEOIPEAEIEHHOCTh CPEICTBA M3MEPEHUS, OLEHKA KauecTBa JUHAMHYECKUX H3Me-
peHUii, cieKTpasibHast (PYHKIMS, YaCTOTHAS XapaKTepHCTHKa, BAOPOYCKOPEHHE.
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Y cmammi 3anpononosano cnekmpanvHuti Memoo OYiHIO8aHHA OUHAMIYHOIL HeBU3HAYEHOCMI 3AC00i8 BUMIPIOBAHD, AKULL
00360718€ 00CAIOHCYBAMU MOYHICb BUMIPIOBAHD Y OUHAMIYHOMY pedcumi podomu 6 yacmomuii obracmi, oyiHeamu
amMnimyoHi 3HaueHHss OUHAMIYHOL HeGUSHAYEHOCI HA OCHOBI YACMOMHOL XapaKmepucmuKky ma CHeKmpaibHoi QyHKyii
6xiOH020 cucHany. Pesynomamu Oynu anpoboeani nid yac OYIHIOBAHHA HEBUHAYEHOCMI OUHAMIYHUX BUMIDIO8AHb
8IOPONPUCKOpEHHs  elleKmpoosueyHie. Bcmanoseneno, wo maxcumanvhe 3HAUeHHA OUHAMIYHOI HeBU3HAYeHOCHI
sumipiosanns gioponpuckopenns cknadae 0,137 m/cnpu uaci cnocmepeoicenns 600 ¢ ma HOMIHATGHOMY 3HAYEHHI
cuenany sioponpuckopenns 0,35 m/c’ na yacmomi 6 kI'y. Bi6x. 10, Tab. 1., puc. 2.

Knrwowuoei cnosa: nuHamiuyHa HEBH3HAYEHICTh 3aC00y BHMIpIOBAaHHS, OLIHIOBAHHS SIKOCTI JTMHAMIYHMX BUMIipIOBaHb,
crieKTpaibHa (QyHKIIs, 4aCTOTHA XapaKTepPUCTHKA, BIOPOIPHCKOPEHHSI.
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