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DIAGNOSTICS OF THE PRE-FAULT
SITUATION OF THE BOLTED CURRENT-
CARRYING JOINT IN THE CONDITIONS OF
CHANGING REGIME PARAMETERS

06’exkmom 00caidncenns € Memoou HepYLHieHO20 KOHMPOIIO GOIM0OBOZ0 CIMPYMOBEIYU020 3 €OHANNH 8 YMOBAX
OUHAMIYHO 3MIHIOBAHUX DEHCUMIE CIPYMOB020 HABAHMANEHHSL | MeMNePamypu HaAsKOIUUHb020 nogimps. O0HuMm
3 HAUOILW NPOOIEMHUX MICUb 6 CYUACHUX YMOBAX €KOHOMIUHO20 PO3GUMKY NIONPUEMCME € SHUNCEHHA ABaAPIil-
Hocmi eupoGHUYMEa uepes ocaabaenis 60amosozo0 cmpymosedyuozo 3’conanns. [posedeni docridncenns npuuun
SYNUHKU eeKMPOYCMAMKYSAHHS HA POl NIONPUEMCTNG YOPHOL Memanypezii, 2ipHudo-nepepoonux KoMniexcis,
8 MeOUUHUX YCManosax nokasanu, woy 1,5—2 % sunadkis npuuunoro agapitinoi 3ynunKu eiexmpoycmamryeanus
¢ ocnabnenns 601mM06020 cmpymoeedyuozo 3'conanns. OcrnosHo nNPodaeMoto 60IMOB020 CMPYMOBEIYU020 3’60~
Hanms € mexamiune ociabnenns winvrnocmi konmaxmise. Ha nossy epadienma memnepamyp ¢ micui 601mo6ozo
3’e0nanms 6NAUBAIOMYb KIIMAMUUHT NAPAMEMPU T OUHAMIUHO SMIHIOBAHT PENCUMU EKCNIYAMAUILHUX CIMPYMOBUX
HABAHMAICEHD T HANPY2U MEPEC.

B ocnosy docridxcenis pexcumnux napamempis mepeixci i Cmpymie HABAHMANCEHHS JAZI0 GUKOPUCTIAHHSL
MeMOOUKU KOHMPOIIO NOKASHUKIE AKOCMI eleKmpoeHepzii 3a 00noM0z010 CAMONUCHUX AHANI3AMOPI6 cnekmpa.
B danomy docnidxcenni euxopucmano anarizamop cnexkmpy «@Duiok 435> (Yipaina), xapaxmepucmuxu sx0z0
gionogidaromo cepmupixamy cucmemu sumiprosans 1SO 9001. A 6 0cnosi 06po6KiU eKCnepUMEHMATBHO OMPUMAHUX
OanuUx SUKOPUCMANT METOOU CMAMUCTNUYHOL 00POOKIL.

B x00i docridwcenis susnaueno HepieHicmo Midc 6UMIDSHOI0 meMnepamypoio 60amoe020 Cmpymoseoyuozo
3’ednanms i po3paxymnKosow memnepamypoio cnpasnozo 3’conanis. Hepisuicmo euxonyemocs na dirsanxax, cma-
ULOHAPHOCMI AKUX 6U3HAUeHT 0Nt OeMePMIHOBANUX | BUNAOKOBUX PENCUMIE SMIHU KOHMPOIbOBAHUX NAPAMEMPIE.
Crnadeni pynxuyii Oyae6ux sMiHHUX, MIHIMI308aHT OU3 TOHKMUGHT PYHKIIL, W0 BUSHAUATOMb HOPMALLHULL | nepeda-
sapiinuil pejcumu 601moe0z0 3’ €onanms. Ompumani meopemuuni pe3yiomamu 00360JULU PO3POOUMIU ATZOPUMMIU
ma npucmpiii 04 0lazHOCMUKY 1 3aXUcmy 001A0HANHSL.

3asdsxu upomy 3abesneuyemvcs MOICAUGICMb HUSUMU Asapitinicmb pobomu obiadnanns. Y nopieusuni
3 aHANOZIUHUMY GIOOMUMU 3ACO6AMU 3aXUCTY 00LAOHANH OOLIK PEHCUMIE CIMPYMIE HABAHMAICEHHS, HANPYZU
Mepeici i memnepamypu HAGKOAUUIDO20 NOGIMPsl 3a0e3neuye GUCOKY UYmMAUGIC® i 00CTOGIPHICTNG GUABCHIA
noUaAmK08020 MOMeHMY 0CAabAeHHs 6OIMOBO20 CIMPYMOBEIYU020 3 €OHAMNSL.

Kmouosi cnosa: ocrabnenns 604mo6oz0 cmpymosedyuozo 3’conanns, diaznocmuxa cmany, 6unadxosu i de-
MEePMIHOBAHUL PENCUMU CIPYMY HABAHMANCCHHS.

Kryvonosov V.

rous metallurgy enterprises, mining processing complexes,
and medical institutions showed that in 1.5-2 % of cases
the cause of an fault shutdown of an EE is a weakening
of the bolted current-carrying joint (BCJ) [1, 2].

The main BCJ problem is a mechanical weakening of
the density of the adjacent surfaces of busbars, cable lugs,

1. Introduction

In the power transmission system, the joints of the
electric power supply chain of enterprises in 40 % of cases
are carried out using bolted joints. Studies of the causes
of stopping electrical equipment (EE) at a number of fer-
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switching equipment joints, etc. Mechanical weakening
leads to an increase in contact resistance at the place of
the booth joint, even if the permissible load current flows
through it, which causes BCJ overheating. BCJ overheating
is one of the causes of short circuits in switchboards and
the formation of fire sources [3]. Identification of the initial
moment of BCJ weakening allows for timely preventive
maintenance and avoiding fault situations.

Therefore, it is urgent to develop methods for diagnosing
the BCJ state operating under conditions of dynamically
changing current load conditions and the temperature of
the air surrounding BC]J.

2. The ohject of research
and its technological audit

The object of research is the methods of non-destructive
monitoring of the BCJ state under conditions of dynamically
changing current load conditions and ambient temperature.

The appearance of a temperature gradient at the bol-
ted joint affected by the change in climatic parameters,
ranging from —25 °C to 50 °C and dynamic changes in
operating current load conditions. Dynamic change of
current in the range (0.1-1.1)-1, where I, is the rated
load current, is associated with the technological mode,
and short-term change in currents to (5-7)-I, is in the
starting mode. Permanent electrodynamic forces in BC]J
with a frequency of 100 Hz, arising from the flow of cur-
rent in adjacent wires, and dynamic deviations of the
mains voltage within =10 % U, cause additional changes
in the current flowing in the BCJ. These factors acting
on the BCJ, are the cause of their weakening [4]. And
these factors are not well understood at this time.

3. The aim and ohjectives of research

The aim of research is studying the effect of randomly
varying voltage levels on the magnitudes of the load cur-
rents and temperature changes in the BC]J.

To achieve this aim it is necessary to perform the fol-
lowing objectives:

1. To improve the thermal method of non-destructive
monitoring of the BCJ state for the timely detection of
a pre-fault situation in case of non-stationary and random
modes of change in the current flowing in the BC]J.

2. To develop criteria for detecting the pre-fault situ-
ation of a BCJ in the conditions of non-stationary and
random modes of current change.

4. Research of existing solutions
of the prohlem

To diagnose the BCJ state, the thermal method of
non-destructive testing [5] is widely used, both by contact
and without contact, which allows detecting the BCJ fault
state without disturbing the process.

The known methods for diagnosing the BCJ condition
include such as:

— installation of fusible marks with low-melting solder

(Rose’s alloy) and contact temperature measurement [6];

— thermal control [7];

— use of pasted color-sensitive indicators;

— installation of bimetallic plates under the BC]J

screw, etc.

And to the known devices for diagnosing the BCJ state
are those in which:

— control the BCJ temperature [8, 9];

— produce control of the BCJ load current and tem-

perature [10].

These methods react to the fault state of a weakened
bolted joint, that is, to a BCJ temperature exceeding the
critical value. Monitoring only the BCJ temperature does
not allow to diagnose the initial moment of BCJ weake-
ning, that is, to identify a pre-fault situation.

Among the main directions of solving the problem
of diagnosing the BCJ state can be distinguished [3, 4],
in which the thermal imaging method of measuring the
BCJ temperature is used. These methods for monitoring
the BC]J integrity are episodic in nature and are used as
an additional diagnostic for the BCJ state during routine
inspections of the EE. The works [5, 6] are devoted to
contact measurement of the BCJ temperature. In these
methods, the achievement of the critical BCJ tempera-
ture is a criterion for determining the BCJ fault state
and disconnecting the EE from the network. These solu-
tions do not reveal the initial moment of BCJ weakening.
In [7], the analysis of the use of infrared radiation to
monitor the EE state is performed. However, in this work
the use of the phenomenon is not fully disclosed for the
BC]J diagnosis.

The authors of [8, 9] show that using the contact
method of monitoring the BC]J state is the most pro-
mising, but the question remains of identifying the initial
moment of BCJ weakening with changes in load current,
supply voltage modes and ambient temperature of the
air around BCJ. An alternative solution to the problem,
described in [10], provides for the simultaneous control of
the load current and the ambient temperature at steady
state current load.

The author of [11, 12] emphasizes the importance of
simultaneously monitoring the BCJ temperature, ambient
air temperature and load current. In these studies, the
thermal method of non-destructive testing has been im-
proved; however, the method works only with stationary
modes of current and air temperature variation.

Thus, the results of the analysis allow to conclude that
in order to increase the reliability of diagnostics of the
pre-fault situation, namely, to identify the initial moment
of BCJ weakening, it is necessary to take into account
dynamic changes in the load current and temperature of
the air around BC]J.

5. Methods of research

The process of mechanical BCJ weakening in the ab-
sence of external climatic, vibration factors and with the
stationary nature of the current load, not exceeding 0.51,,
takes from several days to several months. An increase
in the load current and the ambient temperature leads
to overheating of the weakened BCJ above the critical
temperature in 0.5—-1 hours. Therefore, the implementa-
tion of episodic control of only the BCJ temperature is
not enough to identify the moment of determining the
BCJ weakening. To identify the pre-fault situation of
BCJ weakening, according to [11, 12], the load current
value and the dynamically changing parameters of the air
around BC]J are also monitored. The control of additional
quantities allows to reveal the initial moment of BC]J
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weakening. However, in these technical solutions [11, 12]
the identification of the pre-fault situation of BCJ weake-
ning is considered for stationary current load modes, sup-
ply mains voltages and air temperature. The condition for
determining the initial moment of BCJ weakening in the
devices [11, 12] is the inequality:

T,>T, (1
where T,, — the measured BCJ temperature; T, — calculated
and corrected BCJ temperature:

12
= — o +
T,= =R +24°C+AT, (2)

where o — the heat transfer coefficient; F — the surface
area of the bolted joint; AT, =(T,—24°C) - increment of
ambient temperature relative to 24 °C; R, =R, +R, — the
total resistance of the bolted joint and contact resistance;
I, — the current flowing in the BC]J.

Expressions (1) and (2) show the functional depen-
dence of the BCJ temperature on the load current, the
ambient temperature and the magnitude of the transition
resistance of the BCJ. In case of non-stationary and ran-
dom change of current, as well as in transient modes of
changing current and ambient air temperatures, the BCJ
temperature changes with delay. The delay time depends
on the continuous BCJ heating. At the time of reducing
the current or ambient temperature, the value of the mea-
sured BCJ temperature remains above the temperature of
the fault-free BCJ. This leads to a false determination
of the initial moment of BCJ weakening and the false
triggering of the EE protection device.

The nature of the change in current load is caused
not only by the technological mode of operation of the
equipment, but also by the influence of random factors.
The voltage variation on the bus of the supplying substa-
tion can be random and depends on the characteristics
of adjacent electrical consumers.

The study of operating parameters of the network and
load currents was based on the use of a technique for moni-
toring the quality of electricity indicators using self-recording
spectrum analyzers. In this study, let’s the Fluk 435 spectrum
analyzer (Ukraine), the characteristics of which correspond
to the ISO 9001 measurement system certificate.

The processing of the experimentally obtained data is
based on statistical processing methods [13].

Fig. 1 shows the oscillogram of the change in the load
current of the X-ray computer tomograph model TSX-031
Alexsion 16 (Japan), passport No. PT-148-2012, 42 kW genera-
tor, anode voltage 135 kV. Fig. 1 shows the operation mode
of the tomograph, which operates in a re-short-term mode and
the stationary nature of the supply voltage of the network.

Fig. 2 shows an oscillogram of the change in the load
current of an x-ray computed tomograph, operating with
a non-stationary character of the supply voltage.

To identify the correlation dependence of the current
flowing in the BCJ, when changing the voltage levels in the
network, studies were performed by a statistical method.
For the section where the change in the current value
is not related to the technological process (Fig. 2), the
calculations of the static current and voltage expectation
are carried out according to the expression [13]:

1.
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Fig. 1. Oscillogram of current consumption of an x-ray computed tomograph operating in a re-short-term mode
and the stationary nature of the supply voltage
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Fig. 2. Oscillogram of the change in the current of an x-ray computed tomograph, operating with the non-stationary nature of the supply voltage

As well as the static dispersion of current and voltage Tahle 1
by the expression: Current and voltage measurement protocol
1 ) No. | I/A U/B | No. | I/A U/B | No. | I/A | U/B
D, :*z(li - Ml) )
ns 1 7.1 | 23886 | 11 6.8 | 2321 | 21 7.3 | 242.1
Dy =lzn“([]_ - MU)’Z‘ (4) 2 72 |2380 | 12 74 | 2410 | 22 7.4 | 2431
U n - 1 U

i

3 6.9 237.1 | 13 7.3 | 238.0 | 23 72 | 2392

Statistical standard deviation of the expression:

01:\/31,(5U:\/D_U~ (%)

And to identify the dependence degree of the change
in current value on the change in voltage value, the static
correlation moment is determined by the expression:

4 6.7 | 230.1 | 14 6.5 | 230.1 | 24 68 | 231.0

72 | 2412 | 15 6.4 | 227.0 | 25 6.7 | 2302

71 | 2412 | 16 6.8 | 2301 | 26 6.5 | 229.1

73 | 2422 | 17 7.2 | 2401 | 27 7.4 | 239.0

0| N | ;|

69 | 236.0 | 18 7.3 240.0 | 28 6.8 | 231.1

n

1
k,vzzzui—Ml)(Ui—MU). (6)
i=l 10 7.0 227.0 | 20 7.1 236.1 | 30 6.9 236.1

9 7.1 239.2 | 19 7.3 235.1 | 28 6.5 | 2355

Table 1 shows the protocol for measuring the cur-

rent values and voltages of the power consumer received In Fig. 3, 4 there are:
during measurements (oscillogram Fig. 2). 1 — curve of the change in the calculated BCJ tem-
The results of data processing are given in Table 1:  perature at a constant ambient temperature;
2 — curve of BCJ temperature variation, when cur-
M;=7.01 A, My=235.86 B, D;=0.1, rent flows in it;
3 — zones of false determination of the initial moment
GI=0.32, DU=21.5, GU=4.64, k])(/=2,07. of BCJ Weakening.

Reliable determination of the BC]J pre-fault condition
At the correlation moment k;y=2.07, the current and  for stationary, but deterministic mode of change of the
voltages associated with the correlation dependence, i. e., load current and the ambient air temperature is possible
random changes in the values of the supply voltage, af- in the stationary areas. Sites of stationarity are the si-
fect the nature of the change in the value of the current multaneous fulfillment of the conditions:
consumed.

Fig. 3 is a graph of the BCJ temperature change when d,  dI, 0 dr. ~0
stationary and deterministic changes in the BCJ current. dr 7 dt O dr

Fig. 4 is a graph of the temperature change of the
BCJ during unsteady, deterministic and random changes And only at these sites check the fulfillment of ine-
in the current flowing in the bolted joint. quality (1).
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Fig. 3. The graph of the temperature change of the bolted current-carrying joint with a stationary and deterministic change in current
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Fig. 4. The graph of the temperature change of the bolted current-carrying joint with non-stationary and random change of current

In order to reliably determine the BCJ pre-fault condi-
tion during a random and deterministic process of changing
the load current and the ambient temperature, we convert
the analog signals of the effective current, temperature of
the bolted joint and ambient air to discrete values, with
a sample equal to n=50 and the measurement interval:

where T — the time interval for the study of the controlled
parameter; m — the number of intervals of the studied pa-

rameter. For the numerical evaluation of the monitored
parameters, let’s determine the statistical expectation and
statistical standard deviations, expressions (3) and (5).

The first condition for a stationary random function is
that the expectation on the research interval must satisfy
the condition:

M. (t)=M, = const. (7

The second condition, which, obviously, must be satis-
fied by a stationary random function, is the condition for
the constancy of the variance on this interval:

54

TECHNOLOGY AUDIT AND PRODUCTION RESERVES — Ne 1/1(45), 2019



I55N 2226-3780

INDUSTRIAL AND TECHNOLOGY SYSTEMS:
TECHNOLOGY AND SYSTEM OF POWER SUPPLY )

D, (t)=D, = const. ®)
Thus, temporary areas of stationarity to identify the
initial moment of BCJ weakening with any changes in
load current and ambient temperature are the following
conditions:
M(I;)=const, M(T,)=

const, M (T, )= const;

o(I;)=const, 6(T;)=const, 6(T,) = const.

The magnitude of the calculated and adjustable tem-
perature of a fault-free bolted joint in the areas of sta-
tionarity is determined by the expression:

(Il))Q(

(M(1))+o

T =
‘ oF

Ry;+R,)+24°C |+

+ A(My, +07,). 9)

The value of the measured BCJ temperature is deter-
mined by the expression:
T, = My, — Oy (10)
The obtained results of calculations of statistical indi-
cators of the estimated temperature of a serviceable BCJ

and statistical indicators of the measured temperature are
checked by inequality (1).

6. Research results

The obtained theoretical dependences (1), (9) and (10)
implemented in the device for diagnosing the state of
current circuits and the initial moment of BCJ weaken-
ing [12], the block diagram of which is shown in Fig. 5.

Power supply network

Fig. 5. Block diagram of the device for diagnosing the state of current
circuits and bolted current-carrying joints

In Fig. 5:

1 — bolted assembly with bolt temperature sensors;
2 — unit for measuring the temperature of a bolted joint;
3 — switching device;

4 — bolted assembly with bolt temperature sensors;
5 — unit for measuring the temperature of a bolted joint;
6 — unit for measuring the strength of phase currents;

7 — unit for converting a current signal to an equivalent
temperature signal and correction of this signal depending
on a change in the ambient temperature;

8 — bolted joint with bolt temperature sensors;

9 — unit for measuring the temperature of a bolted joint;

10 — unit for measuring ambient temperature;

11 — block digital-analog signal conversion;

12 — microcontroller;

13 — control and alarm unit;

14 — power supply.

For the operation of the microprocessor of the device
(Fig. 5), a computer program has been developed for BCJ
diagnosing and protecting the EE when a pre-fault con-
dition occurs. In compiling test tables of the BC]J state,
a set of Boolean variables is used.

In order to reveal the initial moment of BCJ weakening
for the stationary and continuous process of changing the
current and the ambient air temperature, let’s introduce
the arguments of the Boolean variable characteristic of EE
operating modes:

— X;=<0» — logical zero — in the absence of current;

— Xi=«1» — logical unit — when current flows in the BCJ;

— —Xy=<«1» — when inequality (7; + (24 °C-T,))> (T;;)

is met;

- Xy=<«1» — when inequality (T,; +(24 °C-T,))<(T})

is fulfilled;

- X3=<«0» — when inequality (7,;)<(Z,,) is met;

- X3=<«1» — when inequality (7;;)> (T, ) is met.

The perfect disjunctive new form (PDNF), according
to [13], describing the intact and faulty BC]J state, is
the expression:

:(XMWXzﬂXs)U(XM\E ﬁz)u

U(XM\XzﬁXs)U(XM\XzﬁX:s)r 11)
where U, ~, X — respectively symbols of conjunction, dis-
junction and negation.

The minimized Boolean functions for various bolted
modes are:

— the normal mode of operation corresponds to the

evaluation function:

F =(Xm)7m)73)=(1,o,o); (12)

— the appearance of the initial moment of BCJ weake-
ning corresponds to the evaluation function:

Foy - (xnxmx) (11,0 (13)

— the onset of fault mode, leading to the EE shutdown,
corresponds to the evaluation function of the form:
Fr o =(XinX,nX;)=(1,11). (14)

To construct diagnostic tests for detecting the initial
moment of BCJ weakening for stationary and deterministic
current and ambient temperature modes, let’s introduce
additional arguments for Boolean variables:

— X; — «0» — when the condition dI,/dt#0 is met;

— X; — «1»—» — when the condition dI,/dt=0 is met;
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— X5 — «0»—» — when the condition dT,/dt#0 is met;

— X5 — «1»—» — when the condition dT,/dt=0 is met;

— Xg — «0»—» — when the condition dT};/dt#0 is met;

- Xg — «1»—» — when the condition dT};/dt=0 is met.

The expression of six variables in PDNF has 2% =
=64536 components.

Using the minimized disjunctive Boolean functions
of the modes to determine the BC]J fault-free and faulty
states, let’s obtain the expressions:

— the onset of the initial moment of BCJ weakening

corresponds to the function:

F,,,_,,,-_=(mew73]~(xmxmxﬁ)=(1,1,0,1,1,0; (15)

— the onset of faulty mode, which determines the mo-
ment of EE disconnection from the network, corresponds
to Boolean variable of the form:
F/.m.:(XN'\XZf\XS)'”(XziﬁXsﬁXG):(LLLLLl); (16)
where ~ — the equivalence symbol.

To construct diagnostic tests for detecting the initial
moment of BCJ weakening for the random and determin-
istic current mode and ambient temperature, the following
arguments will be added to the Boolean variables:

— X4 — «0» — when the condition M;;—M,;,#0 is met;

— X, — «1» — when the condition M;;—M, ., =0 is met;

— X5 — «0» — when the condition My,; —Mq,;,; #0 is met;

— X5 — «1» — when the condition My,; — My, ., =0 is met;

— X — «0» — when the condition My;; — My, ;.1 # 0 is met;

— X — «1» — when the condition Mp,;; — My, =0 is met.

Estimated Boolean functions of detecting the initial
moment of BCJ weakening and emergency modes in case
of random changes in current will be determined by the
expressions:

— the onset of the initial moment of BCJ weakening

corresponds to the function:

E,, = (X1 me)Z) ~(XnX5nXs)=(1,1,0,1,1,1);  (17)

— the onset of emergency mode, which leads to the EE
shutdown from the mains corresponds to the function:
Fe.m.:(X1ﬁX2f\X3)~(X4f\X5f\X6):(1,171,171v1)' (18)

Taking into account the load current modes and the
ambient air temperature makes it possible to increase the
accuracy of detecting the pre-emergency situation and

avoid pre-fault of the EE protection system while BC]J
weakening.

7. SWOT analysis of research results

Strengths. Taking into account mode changes in the
load current and the temperature of air around BCJ allows
to increase the sensitivity of the device when detecting
a pre-emergency situation and to avoid false disconnections
of equipment. Timely detection of the initial moment of
BCJ weakening allows service personnel to plan maintenance
work without emergency shutdowns of the equipment.

Weaknesses. The use of developed devices increases
the cost of equipment protection.

Opportunities. The use of the developed devices and
algorithms for diagnosing the state of BCJ help to avoid
damage from emergency response, equipment downtime
and the shortfall of finished products. The use of the
developed devices, for example in medical institutions for
the protection of X-ray machines, makes it possible to
prevent additional adverse effects on the patient during
the examination.

Threats. The investigated analogues of the devices for
diagnostics and protection of electrical equipment, carried
out by the author, and the expert opinion of the Institute
of Intellectual Property of Ukraine, when issuing patents
for the invention, did not reveal similar world devices
that perform newly developed functions.

1. The analysis of the causes of the false triggering of
the device to detect the initial moment of BCJ weakening
is carried out. This analysis show that under conditions of
non-stationary and random modes of load current, mains
voltage and ambient temperature, these reasons are related
to the duration of the transient heating of the bolted
current-carrying joint. Therefore, the improvement of the
thermal method of non-destructive testing consists in the
fact that the diagnosis of the initial moment of BCJ weake-
ning is carried out in the areas of stationarity strictly
defined by the developed requirements.

2. It is shown that for constructing diagnostic tests for
detecting the initial moment of BCJ weakening, it is advisable
to use the arguments of Boolean variables and minimized
disjunctive functions. This makes it possible to simplify
the algorithm and computer program, and also increased
the speed of diagnostic and protection devices by 5-7 %.
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