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Abstract. The purpose of the study is to develop an automated system for technical diagnostics of the state and
regulation of the electric drive of the rollers of the collector roller table at a wide hot rolling mill based on change in
the load currents of the rollers electric motors. The system allows the quality of finished rolled products and the produc-
tivity of the mill to be enhanced due to the timely detection of faulty equipment and its rapid replacement based on
the results of diagnostics. The following methods of diagnostics of the electric drive of the diverting roller table and its
possible malfunctions which can negatively affect the quality of the finished rolled products were analyzed: experimen-
tal identification of the relation of the forms of change in the load currents of the electric motors of the rollers with spe-
cific types of malfunctions; determination of diagnostic signs of malfunctions in the values of change in the load cur-
rents of the electric motors of the rollers; creation of a mathematical model for calculating the forces of strip transporta-
tion; development of methods and algorithms for technical diagnostics of the electric drive of the collector roller table
based on characteristics of change in the load currents of the electric motors of the rollers; development of a generalized
algorithm for the operation of the automated technical diagnostics system; experimental evaluation of the effectiveness
of the proposed methods and algorithms for diagnostics on the operating mill. Analytical methods of solving algebraic
and differential equations and systems were used in the study. As a result of the research, the technical effectiveness of
the methods and algorithms developed to diagnose the eccentricity of the roller barrel of the diverting roller table, mal-
functioning of the brush-collector device of the roller electric motor, the destruction of the couplings in the roller elec-
tric drive line, malfunctioning of the bearing units in the roller electric drive line or the roller sides, the correct align-
ment of the roller relative to the technological plane of the diverting roller was experimentally confirmed. The diagnos-
tic methods and algorithms developed can be used to create diagnostic systems for electric drives of diverting roller
table at operating mills during their reconstruction, as well as at newly built mills. The system thus developed was
installed at the industrial plant's 2000 hot rolling mill.
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Almomauuﬂ. HCJ’II)}O HCCICOOBAHUA SABIIACTCA pa3pa60TKa aBTOMaTHSHpOBaHHOP‘I CUCTCMbI TCXHUYCCKOI'O Auar-
HOCTHUPOBaHUA COCTOAHHUA U HaCTpOfIKPI QJICKTPOIIpUBOAA POJIMKOB OTBOAAILICIO POJIbIaHTIa HIMPOKOIIOJOCHOT'O CTaHa
Fopsmeﬁ TIPOKATKH IO XapaKTEPUCTUKaAM U3MEHCHUA TOKOB Harpy3ku SHCKTpOHBHFaTCHeﬁ POJIUKOB. CucreMa 1O3BOJISICT
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3a CYeT CBOCBPEMEHHOTO BBIABICHHS HEUCIPABHOIO OOOPYIOBaHMS W €ro ONEpPaTHBHOIM 3aMeHBI IO pe3ysbTaTam
JIMarHOCTHPOBAHUS MTOBBICHTH KaY€CTBO TOTOBOTO NPOKATa M IIPOU3BOJUTEIBHOCTD CTaHa. B paboTe BHIMONHEHEI: aHa-
T3 CIIOCOO0B AMArHOCTHPOBAHUS IEKTPONPUBOA OTBOASIIETO PONBTAHTa M BO3MOXKHBIX €0 HEHCIIPAaBHOCTEH, Hera-
THUBHO BIIHSIOIINX Ha Ka9eCTBO TOTOBOTO IIPOKATA; SKCIICPHMEHTAILHOE ONPEAEICHHE COOTBETCTBHSI (hOPM H3MEHEHHS
TOKOB Harpy3Kd 3JICKTPOJABHUTaTeNIed POIMKOB KOHKPETHBIM BHIAM HEHCIIPABHOCTHU; ONPEAENICHHE IMAarHOCTHUECKUX
MPU3HAKOB IPOSIBIICHUS] HEUCIIPABHOCTEH B MMOKA3aTeNsIX M3MEHEHHs TOKOB HAarpy3KH SJIEKTPOIBUTATENEH POJIMKOB;
CO3JjaHNe MaTeMaTHUECKOH MOJIeN pacuéTa yCHINI TPaHCIIOPTUPOBAHUS MTOJIOCHL; pa3paboTKa METOIUK U aJITOPUTMOB
TEXHHYECKOTO JHMarHOCTUPOBAHUS AJICKTPOIPHBOJA OTBOJSIIETO POJbraHra MO XapaKTepPUCTHKAM H3MEHEHHs TOKOB
Harpy3KHy 3JIEKTPOJBHIaTeNel POJIMKOB; pa3paboTka 0000IEHHOTO aropuT™Ma PaboThl AaBTOMAaTH3UPOBAHHOMN CHCTEMBI
TEeXHUIECKOTO AUArHOCTHPOBAHUS, 3KCIEPUMEHTANbHAs OIEHKA 3((EKTUBHOCTH NMPEATOKCHHBIX METOJVK M adTOPHT-
MOB IMarHOCTHPOBAHUS Ha AeicTByIomeM cTaHe. [Ipu nccaenoBaHuy MPUMEHIINCH aHATUTHYECKHAE METOB! PEIICHUS
anreOpandeckux U Au(epeHINAIBHEIX yPaBHEHUH U CHCTeM. B pesynbrare mccinemoBaHuil SKCIIEPUMEHTAIBHO MOM-
TBEpIKJCHa TeXHUIECKast 3(p(heKTHBHOCTD pa3pabOTaHHBIX METOAUK U AITOPUTMOB JUArHOCTUPOBAHUS IKCICHTPHCHTETA
0OYKHU POJIMKA OTBOJIIETO POJIbIaHTa, HEHCIPABHOCTH IETOYHO-KOJUIEKTOPHOTO YCTPOMCTBA AIIEKTPOABUrATEIIsl PoO-
JIMKa, pa3pyIICHUs] COSANHHUTEIBHBIX My(T B JINHUH 3JIEKTPOIPUBO/IA POJIMKA, HEHCIPABHOCTH MOALINITHUKOBBIX y3JI0B
B JINHUY SJIEKTPOIPUBO/IA POJIMKA WM KaCaHUs POJIMKOM OOPTOB POJIbraHra, MPaBUILHOCTH BBICTABKH POJIMKA OTHOCH-
TEJIHO TEXHOJIOTHYECKOW IUIOCKOCTH OTBOJSILETO posibranra. Pa3paboTaHHbIe METOIUKH M aITOPUTMBI JUATHOCTUPO-
BaHMS MOTYT OBITh HCIIOJIB30BAHBI I CO3JAHMS CHCTEM AMATHOCTHPOBAHUS HIIEKTPONPHUBOJOB OTBOJIINX POJITaH-
TOB HA JISUCTBYIOIMNX CTAaHAX MPHU UX PEKOHCTPYKIHUH, a TakKe Ha BHOBB CTPOSIIIUXCS cTaHaX. PazpaboranHas cuctema

BHEJ]peHA Ha mmpokomonocHoM ctare 2000 ropsraei MpoKaTKH MPOMBIIIICHHOTO PEATPUSITHSL.
Kniouesnvie cnosa: 3neKTpONPHUBO]] POIUKOB OTBOJSIIETO POJIBIaHTa, MIMPOKOIIOIOCHBIN CTAaH ropsSYeil MPOKATKH,
HEHCIIPaBHOCTH AJIEKTPONIPUBO/IA, TMArHOCTUYECKUE IPU3HAKH, CUCTEMa AUarHOCTUPOBaHUS

Jna yumupoeanus: JJNarHOCTUPOBAHHUE ICKTPOIPHBOJA OTBOJIIETO POJBraHIa TAHYLIMX POJIMKOB IIHPOKO-
MOJIOCHOTO cTaHa ropsiaelt mpokarku / P.C. [Mummuorpaes, C.U. Jlykesaos, O.C. JloryHoBa u np. / Bectauk IOYpI'Y.
Cepus «Ouepreruka». 2022. T. 22, Ne 1. C. 78-88. DOI: 10.14529/power220109

Introduction

The main method of producing rolled sheets in
the world at the present time is by means of pressure
treatment of slabs on wide hot rolling mills (WHRM).
The technology of pressure treatment is constantly
being improved, in order to enhance the quality of
finished products [1-3] and the productivity of mills
[4-6].

At the end of 2019, Russian metallurgical enter-
prises that produce rolled metal were rated. The leaders
of the rating were: Novo-Lipetsk Iron and Steel Works —
17.493 million tons; Evraz — 13.019 million tons; Mag-
nitogorsk Iron and Steel Works — 12.664 million tons [7].
As of 18.12.2020, the consolidated price index for
black rolled steel is growing rapidly: +96.8 points to
arecord level of 827.4.

Many studies on the issues of rolled metal pro-
duction consider the technological features of the pro-
cess as a whole and on individual steel grades [8—11].
They also assess the state of equipment [12—15], sur-
face quality of finished rolled products [16—19], as
well as the processing and consolidation of informa-
tion in the technological process [20, 21]. One of
the main areas of technological improvement is im-
provement to the electric drives in mill units, as well
as control and diagnostic systems [22—24].

One of the most important technological units of
WHRM (Wide hot rolling mills) is the collector roller
table (CR). The reliability of operation and the extent
to which the technological requirements are fulfilled
determine the quality of rolled products and produc-
tivity of the mill. The timely replacement of CR rol-
lers based on the results of diagnostics of failed elec-
tric drive equipment is one of the ways to improving

the quality of rolled products and the performance of
the WHRM.

The operational equipment of the CR electric
drive is installed directly in the technological zone
of the mill. This, however, does not allow the state of
the electric drive of the CR rollers to be monitored
visually or metrologically during the process. Metro-
logical monitoring requires the installation of a large
number of measuring sensors. An alternative method
for diagnosing the electric drive of the CR is based on
analysis of the change in the load currents of the roller
motors. This method allows conclusions to be made
about the technical condition of the equipment in real
time.

Russian WHRM are not equipped with auto-
mated systems for technical diagnostics of the state of
the electric drive of the CR rollers. Diagnostic systems
used to collect data of the load currents of the electric
motors of the rollers of the roller table are limited by
the list of detected drive faults, and the diagnostic re-
sults are insufficiently reliable [22—24].

The creation of an effective automated technical
diagnostics system relating to the state and regulation
of the electric drive of the CR rollers, based on
changes to the load currents of the electric motors of
the rollers, will identify the electric drive faults during
the rolling process. It will also enable repair work to
be prepared in advance, thus reducing the time
required for their implementation. The quality of
the finished rolled products and the productivity of
the WHRM will also be enhanced.

Taking into account the above, the authors have
set out the objective of this study: to improve the qua-
lity of rolled products and increase WHRM producti-
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vity by means of the timely replacement of faulty elec-
tric drive equipment of the CR rollers. This is based
on reliable diagnosis of faults identified by a system
for the technical diagnosis of the state and regulations
of the electric drive of the CR rollers of the WHRM.

In order to achieve this objective, the following
main stages were identified:

— analysis of the existing methods of diagnostics
of the CR electric drive and possible malfunctions
of the CR electric drive which may negatively affect
the quality of the finished rolled products;

— experimental identification of the compliance
of the form of load current change in the roller electric
drive, in relation to the type of specific malfunction in
the electric drive line of the CR roller;

— identification of diagnostic signs shown by
the CR electric drive malfunctions in terms of changes
to the load currents of the roller electric drive;

— construction of a mathematical model for calcu-
lating belt transportation forces;

— development of methods and algorithms allo-
wing technical diagnostics of the DR electric drive
based on the characteristics of changes to load cur-
rents in the roller electric drive;

— development of a general algorithm for the ope-
ration of the automated system for technical diagnos-
tics of the state and regulation of the CDR electric
drive;

— experimental assessment of the effectiveness of
the proposed methods and algorithms for diagnosing
the CR electric drive.

Analysis of defects in the electric drive

of rollers and the functional capabilities

of the data collection system operating

at the WHRM

A typical structural diagram of the process line of
a continuous wide strip hot rolling mill is shown in
Fig. 1.

Slabs heated to the required temperature in the
furnaces (1) are transported by the receiving roller
table to the vertical breaker (2), at which the surface of
the slab is cleaned. The workpiece passes through

roughing stands (3) and is transported by the interme-
diate roller table (4) to flying shears (5). After align-
ment of the head and tail parts of the strip, the rolled
product passes through a group of finishing stands (6).
Then the strip enters the collector roller table (7). Du-
ring transportation it is subjected to cooling with water
from above and below from showering devices, and
then wound into a roll by one of the coilers (8).

The collector roller table is divided into several
sections according to rolling process conditions. Each
section has a separate electric drive control circuit
which allows the speed and direction of rotation of
the rollers to be changed.

A typical solution for the CR at WHRM is
the roller table installed at the hot rolling mill 2000
(HRM) used in large metallurgical enterprises of
the Russian Federation with an individual gearless
electric drive (Fig. 2). Fig. 2 designations: 1 — roller,
2 — electric motor, 3 — coupling, 4 — intermediate
shaft).

The collector roller table at the mill consists of
nine roller sections. Each CR section is equipped with
58-60 rollers with diameter D =300 mm. In the case
of rolling strips with a thickness of 1.2...4.0 mm, coi-
ling is carried out at first group of coilers (1, 2 and 3),
located in the third section of the roller table. Thick
strips  (thickness 4.0...16 mm) are transported to
the second group of coilers (4 and 5) located in
the ninth section of the CR. Strip transportation is car-
ried out at a speed of 4...20 m/s.

The electric drive of each roller table section
(Fig. 3) is carried out according to the group scheme
for the power supply to electric motors from a single
thyristor converter. The excitation windings of
the electric motors in each section are powered by
a separate uncontrolled DC voltage source of 220 V.
A subsystem for collecting information on the instan-
taneous values of the load currents of the electric mo-
tors of the CR rollers is provided in the APC (Auto-
matic Process Control) system of mill 2000 GP.

Fig. 3 shows the designations: VR — Voltage
regulator; CR — Current regulator; CS — Current sen-
sor; VS — Voltage sensor; TC — Thyristor converter;
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Fig. 1. Typical Structural Diagram of Continuous Wide Strip Hot Rolling Mill Process Line
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Fig. 2. Typical Solution of CR at WHRM
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Fig. 3. Structural diagram of the electric drive of each section of the collector roller table

PVD — Power voltage divider; EW — Excitation win-
ding; SR — Shunt resistance, Ohm; Ohm (AR — Addi-
tional resistance); SRV — Speed reference voltage;
TV — Transformer ; (M — Electric motor.

The CR electric drives are subject to the follo-
wing process requirements:

1. When the CR electric drive is operating in
transportation mode of the head part of the strip,
in order to prevent looping and to ensure the reliable
transportation of the sheet to the receiving coiler,
the roller table rollers must form longitudinal tensile
forces in the strip in the direction of strip movement.

2. When operating in the strip tracking mode,
the linear speed of the roller table barrel generating
rollers must be equal to the linear speed of the strip.
This is in order to prevent excessive wear of the roller
barrels and deterioration of the strip surface quality.

3. When transporting the tail part of the strip, in
order to prevent looping and to ensure the coiling end
speed, the CR electric drive must generate longitudi-
nal tensile forces in the strip in the direction opposed
to the strip movement direction.

The main malfunctions of the electric drive of
the CR rollers which may lead to a decrease in the
quality of the finished rolled products and the produc-
tivity of the mill, are as follows: eccentricity of
the roller barrel; malfunction of the brush-collector
device of the roller electric motor; destruction of
the couplings in the line of the electric drive of
the roller; malfunction of bearing units in the line
of the electric drive of the roller or contact between
the rollers with the roller table sides; roller deflection
relative to the CR technological plane; failure of
the CR electric drive to perform the technological
requirements.

The following methods of diagnostics of CR
electric drive state exist:

— metrological control during scheduled repair
works;

— vibration and acoustic diagnostics;

— diagnostics of change in the load currents of
the roller motors.

Analysis of the diagnostic methods revealed
the following weaknesses:

— the first method does not allow the malfunction
to be identified directly during rolling and, accor-
dingly, does not allow for repair work to be carried
out in advance, thus increasing their implementation
time;

—the second method requires the installation of
a large number (in terms of the number of electric
rollers) of measuring sensors directly in the techno-
logical zone of the mill. This is associated with sig-
nificant capital costs and the costs of their mainte-
nance;

—the data acquisition system used at the mill
2000 GP only identifies the number of the faulty elec-
tric drive of the roller without specifying the type of
fault.

The third method is preferable to the first two in
that faults can be directly identified during the metal
rolling process. It also enables the use of the load cur-
rent meters already available. However, there are no
diagnostic methods that identify the entire specified
list of possible defects of the CR electric drive. There-
fore, the objective is to develop an effective automated
system for technical diagnostics of the state and regu-
lations of the electric drive of the CR rollers, based on
the characteristics of the change in the load currents of
the electric motors of the rollers.

Correspondence between the various changes
to the instantaneous values of the load currents in
the electric drive motors has been experimentally
established (Fig. 4) as well as the individual faults
occurring in the roller electric drive lines.

It has been shown that the current variation form
Fig. 4a corresponds to eccentricity of the roller barrel;
the form in Fig. 4b — to faults of the brush-collector
device of the roller electric motor; the form of Fig. 4c —
destruction of one coupling in the roller electric drive
line; the form of Fig. 4d — destruction of two cou-
plings; the forms of Fig. 4e, f — the simultaneous ap-
pearance of roller barrel eccentricity and destruction
of one and two couplings, respectively.
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Fig. 4. Time diagrams of load current changes of CR roller motors

As a result of metrological processing of oscil-
lograms, Fig. 4 shows that the maximum rate of load
current reduction Ai/At, the ratio of the period of
change in the load current of the roller electric motor
of the roller table (7) compared to the calculated pe-
riod of roller rotation (73) can be used as diagnostic
signs for the eccentricity of the roller barrel, faults in
the brush collector device of the electric drive, and
destruction of the couplings (Fig. 4) at the current roll-
ing speed V, the frequency characteristics of the load
current change and the presence in the time diagram of
the current i, (Fig. 4b) time intervals equal to zero
load current (i; = 0).

We propose the proposed diagnostic functions be
divided into two groups:

1. Diagnostics of the condition of the roller bar-
rel, brush-collector device of the motor and the cou-
pling shall be performed according to the characteris-

tics of changes in the instantaneous values of the load
currents.

2. Diagnostics of bearing assemblies, deviations
in the roller alignment and distribution of transporta-
tion forces along the roller electric drives should be
performed according to the parameters of changes in
the average values of load currents calculated for a
fixed time interval.

Diagnostic method for the electric drive

of the rollers of the collector roller table

according to the characteristics of changes

in the instantaneous values of the load

currents of the electric motors

For each form of change in the instantaneous
values of load currents Fig. 4, samples were
created. Based on these samples, the confidence
intervals of individual observations of diagnostic
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signs at a significance level of ¢ = 0.05 were calcu-
lated.

The values of diagnostic signs were calculated by
the following expressions:

1) maximum load current reduction rate:

ﬂzmin ik+1 _ik ,
At At

where i, i, are the values of the roller motor load

current in the data base of current values of the load
currents of the CR roller motors; Az=0.002 s is
the temporary discrete reading of the instantaneous
load current values;

2) estimated roller rotation period:

n-D
R

r

where D is the diameter of the roller barrel, m; V. is

the current rolling speed of the strip, m/s.

The value of 7} was determined by the autocorre-
lation function of the temporary diagram of the current
change:

R(T) _ %(Zk _1)(lk+1: _IT)'SI,

k=1 S
where 1 is the time offset relative to the beginning of
the temporary diagram of the change in the load cur-
rent of the electric motor; i, , i,,, are the instantane-

ous values of the load current of the electric motor of
the CR roller; N,.=]Ti/A[ is the number of instantane-
ous values of the load current in the calculated period of
the roller rotation for the temporary discrete reading A
(I[ is the integer rounding operator). The arithmetic
mean values of the instantaneous values of the load
currents of the electric motor in the time intervals
[0; A-N,] and [t; T+ A-N,] are respectively calculated
by the formulae:

T=L5i(i0)

I
roj=1

NV
=~ Yi(-A+e)
r j=1
average square deviations of the instantaneous values
of the motor load current in the time intervals
[0; A-N,] and [1; T+ A-N,] are calculated according to
the formulae:

and

3) the ratio of amplitude values of the second
A»/A, and the fourth A4/A, harmonics to amplitude
value of the first harmonic in the frequency spectrum
of electric motor load current variation.

As a result of statistical analysis of time diagrams
of load currents Fig. 4, the numerical characteristics of
the diagnostic signs for the specified malfunctions of
the electric drive of the rollers and their combinations
were determined (Table. 1).

A methodology for diagnosing the state of
the electric drive of the CR rollers based on the cha-
racteristics of changes to the instantaneous values of
the load currents of the electric motors was thus de-
veloped. It consists of the following main stages:

1. From the total range of changes in the instanta-
neous values of the load currents of the roller motors,
a range with a duration of 7= 0.5 s can be determined.

2. The values were determined as a result of
correlation, differential and frequency analysis of
the above expressions and decomposition in the Fou-
rier series,

ANl T, 4, A,
AT, 4 4
in which A4, 4,, A4 are the amplitudes of the first, se-
cond and fourth harmonics in the frequency spectrum

nui=0,

and of the load current variation of the electric motors.
Table 1
Diagnostic signs of malfunctions of the electric drive of CR rollers
Type of malfunction Diagnostic Conditions
Destruction of two couplings T,]T, <0.369
Collapse of one coupling T;/T, €(0.387;0.633)
Malfunction of the brush-collector device ) . B .
o the olectric motor (1,/T, €(0.752;1.0763)) v (Aif At < -978.8) A (i, =0)
(1/T, €(0.752;1.0763)) v (Ai/ At > -978.8) v
Roller barrel eccentricity
v(4y/4, €(0;0.487)) v (4,/ 4 €(0;0.276))
Simultaneous presence of roller barrel eccentricity (TI/TZ € (0-752;1-0763)) v (Ai/At > -978.8) v
and destruction of one coupling v(4y/4 >0.537)v (4,/4 <0.276)
Simultaneous presence of roller barrel eccentricity (Tl /Ty € (0-752; 1 -0763)) v (Ai/At > _978'8) v
and destruction of two couplings v(4y /A4 <0.487)v (A4,/ 4 >0.276)
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3. Analysis was also performed of the conditions
of relativity of the values calculated in paragraph 2 to
the conditions of diagnostic features of Table. 1.

When performing the conditions of table 1, it
can be concluded that there is a malfunction in
the CR roller drive line. Otherwise, it can be con-
cluded that there is no defect in the electric drive
line of the £ roller.

An algorithm for diagnosing the fault of the brush-
collector device of the roller electric motor, the eccen-
tricity of the roller barrel and the destruction of
the couplings in the electric drive line of the roller,
based on the correlation, frequency and differential
analysis of the change in the instantaneous load cur-
rents of the electric motors of the CR rollers, has been
developed.

Diagnostic methods of the electric drive

of the rollers of the collecting roller table

based on the characteristics of changes

in the average values of the load currents

of the electric motors

Based on the condition for calculating the ave-
rage values of the load currents /,; with an error of
not more than 5%, the time interval for averaging
the instantaneous values of the load currents can be
statistically determined — At =0.14 s.

As a result of the dispersion and regression
analysis of the change in the values of the idling cur-
rents of the electric motors of the Iy; of the CR rollers
(56 electric motors were studied) during the overhaul
period of the mill, it was established:

— The “linear rolling speed” factor V significantly
influences the change in the idling currents of the elec-
tric motors. Each electric motor corresponds to its
own law of change /y, = (V). It is impossible to obtain
a single regression model /y, = f(7) which corresponds
simultaneously to the change in [y, of all 56 electric
motors studied.

— The time factor within the overhaul period does
not have a significant effect on the change in the va-
lues of the no-load currents. In the absence of a mal-
function in the bearing units of the electric drive lines
of the rollers or contact between rollers and the roller
table sides the confidence interval of [y change is
+13% of its value at a fixed speed V.

— In the case of a malfunction in the bearing units
of the roller drive lines or in the case of contact
between the roller and the roller table, the value of
the idling current of the electric motor increases seve-
ral times.

Bearing this in mind, the following technique is
proposed for diagnosing the failure of bearing units in
the electric drive line of the roller or the roller touching
the roller tables sides:

1. With the mill equipment at idle, after perfor-
ming scheduled repair works, a range of values of
the idle currents Iy of the electric motors of the roller
of the roller table can be created within the working

range of rolling speeds V' =4...20 m/s with a step of
speed change AV =1 m/s.

2. During mill operation, in the absence of metal
on the CR rollers and given a fixed level of the rolling
speed setting V7, the current values of the no-load cur-

rents of the electric motors of the CR iok rollers are

recorded.
3. The value of the idling current Iék for the k elec-

tric motor, corresponding to the value of the speed V7,
is extracted from idle currents’ value range. Based on
this expression

A

. i
AL =1 1-"2% 100 %
0p I%

0
a calculation of the relative change of the idle current
is performed.

4. If the value of A[gk exceeds 13%, it can be

concluded that there is a malfunction of the bearing
units in the electric drive line of the roller or that roller
has touched the sides of the roller table.

In order to determine the quality of the electric
drive of the CR rollers in terms of the technological
requirements for strip transportation, we propose
a diagnostic method related to the effort of strip trans-
portation by CR rollers:

1. Based on the current range of changes to
the average values of the load currents 7, of the

electric motors of the rollers of the roller table, a range
of average values of the load currents 7, is selected,

preceding the moment when the strip is gripped by
the coiler.

2. The values of the resistance force to trans-
portation of the strip in each interroll space are cal-
culated according to the established mathematical
ratios:

Fe, =Fq +1¢, =h'd-B-p-g~p+(FT+FB)~u,
where Fe, is the resistance force due to the gravity of
the part of the strip in the interroll space; Fe, s

the resistance force due to the pressure on the strip
from above F; and from below Fj of the laminar
cooling water jet; B, h are the width and thickness
of the strip, respectively; d is the distance between
the CR rollers; p is the density of the strip material;
u is the friction coefficient in the bearings of the CR
rollers) [25].

3. Calculation is made of the transport forces F
communicated by the roller drive motors to the strip in
each space between the roller:

. 2-c®,(Ly, ~ 1, )

k= D s
where ¢®, is the product of the design constant of
the electric motor and the rated excitation flux.

4. The results of the calculation are presented in
the form of Fig. 5 and transferred to the mill APCs.
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Fig. 5. Diagram of strip transportation forces distribution on CR rollers

There is uneven distribution of the transporting
forces of the strip F} on the CR rollers. Not only do
some of the rollers not meet the technological re-
quirement for transporting the head of the strip (£} > 0),
but also apply braking forces to the strip (¥} < 0), thus
forming resistance zones on the collecting roller table
(Fig. 5).

We propose a method for monitoring roller
alignment relative to the CR technological plane.
The procedure includes the following stages:

1. During rolling of thin strips with thickness
h=1.2...3.0 mm at rolling speed V,, two data lines are
extracted from the range of average values of load
currents of electric motors of CR rollers: [(¢;) and
I(t,) at the moments before (#) and after (%) the sheet
is gripped by receiving coiler, respectively.

2. The values of the idle currents [, (V;) of

the electric motors of the CR rollers are based on data
from the idle currents’ value range.
3. The correct fulfilment of the inequality

0.87-1; (1) <1Io, (V;)<1.13-I; (1) is checked for

the electric motor of the & CR roller. If the inequality
is met, then the mark M1 is added to the range of
diagnoses for the k electric motor.

4. The correctness of the inequality is also
checked:

Should it be achieved, the mark M2 is added to
the & electric motor.

5. An analysis of the presence of M1 and M2
marks for electric motors (k— 1), k£ and (k + 1) rollers
is performed. If M1 mark is missing for all rollers, and
M2 mark is missing only for electric motor of
the k roller of the roller table, it can be concluded
that this CR roller is higher than the process plane of
the roller table.

6. When rolling of strips with a thickness of
h=6.0...16.0 mm at a rolling speed V,,, row Ii(%;) is
extracted from the range of average values of load
currents of electric motors of CR rollers. This cor-
responds to time moment #; prior to sheet gripping by
receiving coiler.

7. The values of the idle currents /, (V) of the

electric motors of the CR rollers are based on data
from the idle currents’ values range.

8. The correctness of the inequality is checked
for the electric motor of the k£ CR roller:

0.871, (1) < Io, (V,y) <1131, (13).

If the inequality is met, then the mark M3 is added
to the range of diagnoses for the & electric motor.

9. In the absence of M1 mark and the presence of
an M3 mark for the £ CR roller, it can be concluded
that this roller is installed below the CR process plane.

Algorithms have been developed to diagnose
the failure of the bearing units of the electric drive line
of the CR roller or in the case of the roller touching
the sides of the roller table; the correct alignment
of the rollers relative to the technological plane of
the CR; and the distribution of transportation forces
along the rollers of the collector roller table.

A general algorithm of the diagnostic system for
the electric drive of CR rollers has also been deve-
loped. It shows the sequence for creating diagnostic
ranges; calculating diagnostic signs; performing di-
agnostic functions; and outputting the diagnostic
results to the mill APC system. This takes into ac-
count the change in the operating modes of the elec-
tric drive of CR.

Results of experimental testing

of diagnostic algorithms

Prior to the implementation of the automated sys-
tem for technical diagnostics of the electric drive of
the CR rollers at mill 2000, the reliability of the diag-
nostic algorithms was checked jointly with workshop
personnel.

In order to verify the reliability of diagnostics at
the initial stage of implementation in the Borland Del-
phi software environment, a generalized algorithm of
the diagnostic system and algorithms for performing
the developed diagnostic functions was used. The di-
gitization of the sig.Onals for instantaneous values of
the load currents of the electric motors of the CR rol-
lers was carried out using a 12-bit analog-to-digital
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Table 2
Assessment of the efficiency of diagnostics of faults in the electric drive lines of roller table rollers
based on instantaneous values of the load currents of the electric motors
Malfunction type of the roller electric drive line N Ny AN, %
Correctly functioning electric drive lines 23 23 100
Malfunction of brush-collector assembly of CR roller motor 20 16 80
Destruction of one or two couplings in the roller electric drive line 47 17 36
Roller barrel eccentricity 33 21 64
Eccentricity of roller barrels and destruction of one or two couplings 16 5 31
in the roller electric drive line
Overall effectiveness 139 82 59
Table 3
Assessment of correctness of roller alignment diagnostics relative to CR process plane
Parameter Roller number
61 59 30 33 69 18 46
Deviation value, mm -5,0 -4.0 -3.5 -3.0 -3.0 -0,5 +6,0

converter with a time discrete reading of the current
values A =0.001 s.

The reliability results for detecting faults in
the electric drive lines based on change to the instanta-
neous values of the load currents are shown in Table 2,
where N is the number of diagnosable drive lines with
a malfunction of this type; N;; is the number of de-
tected drive lines of rollers with a malfunction of this
type; AN = N;; 100 %/N is the efficiency of detecting
a malfunction of this type.

Based on the results of the experimental assess-
ment of the reliability of diagnosis, a report on the tes-
ting of the diagnostic system was drafted. The report
noted that the “software allows with a degree of accu-
racy the type of malfunction in the electric drive of
the CR of the mill 2000 GP” to be diagnosed and
specified.

The reason for the relatively low efficiency of
identifying faults associated with the destruction
of the couplings is that the appearance of this fault at
the initial stage of the destruction of the coupling does
not always lead to the corresponding Fig. 4 change of
load currents of CR rollers electric motors.

When diagnosing the failure of the bearing units
in the electric drive line of the roller or in the case of
the roller touching the roller table edge, three rollers
with specified failures were identified. The reliability
of diagnostic information was confirmed by the per-
sonnel of the mechanics workshop.

As a result of checking the diagnostic algorithm
for the correctness of the rollers alignment relative to
the CR technological plane, the program determined
that the rollers No. 61, 59, 30, 33, 69 are installed be-
low, and the rollers No. 18, 46 are above the techno-
logical plane. The metrological check performed by
the personnel of the shop mechanic service confirmed
the reliability of diagnoses (Table 3).

An automated system of technical diagnostics of
the state and settings of the electric drive of the CR
rollers has been installed at an active hot rolling mill

2000. The expected economic effect of the implemen-
tation of the system was $22,000 per year.

Conclusion

We established that the application of the period of
change, rate and frequency indicators of the change in
the load current of the CR roller electric motor, can be
used as diagnostic signs of eccentricity of the CR roller
barrel, failure of the brush-collector device of the roller
electric motor and destruction of one or two couplings
in the line of the electric drive of the roller. We defined
the numerical characteristics of the diagnostic features
of these defects in the case of their separate and joint
manifestation in the load currents of the roller motors.

A method was developed to diagnose malfunc-
tioning of the brush-collector device of the roller elec-
tric motor; roller barrel eccentricity; and destruction of
one or two couplings in the roller electric drive line.
The method is based on the results of statistical, dif-
ferential and correlation analysis of the characteristics
of change to the instantaneous values of the load cur-
rent of the CR roller electric motor.

A method was developed to diagnose the correct-
ness of the roller alignment relative to the CR techno-
logical plane. The method is based on the nature of
changes to the average values of the load currents of
the roller electric motors in various operating modes
of the CR electric drive.

We also propose a technique diagnosing strip trans-
portation forces distribution as per the electric drives of
CR rollers. The method is based on the mathematical
model of the calculation of forces applied to the strip by
the electric motors of the CR rollers. This method was de-
veloped for the technological conditions of rolling
the sheet at the operating wide-band hot rolling mill 2000.

We also propose a technique for the diagnosis of
failure of bearing assemblies in the electric drive line
of the roller or contact with roller table edges. This is
based on the nature of the change in the idling current
of the electric motor.
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Diagnostic algorithms have been developed: mal-
functioning of the brush-collector device of the roller
electric motor; destruction of the couplings in the elec-
tric drive line of the roller; eccentricity of the roller
barrel; malfunction of the bearing units in the electric
drive line of the roller or contact with the roller table
edges; correctness of the roller alignment relative to
the CR technological plane; distribution of the strip
transportation force along the CR rollers.

A functional diagram and a general algorithm
of the automated system for technical diagnostics of
the state and settings of the electric drive of the CR
rollers have also been developed. They take into
account the technological features of metal rolling at
the hot rolling mill.

Experiments were performed to verify the re-
liability and efficiency of the algorithms and methods
for diagnosing the eccentricity of the roller barrel,
malfunctioning of the brush-collector device of
the roller electric motor, the destruction of the cou-
plings in the electric drive line of the roller, the mal-
function of the bearing units in the electric drive line
of the roller or the roller touching the roller table edge,
the correctness of the roller alignment relative to
the technological plane of the CR.

An automated system of technical diagnostics of
the state and regulations of the electric drive of the CR
rollers has been installed at a wide hot rolling mill
2000. The expected economic effect of the implemen-
tation is 585 thousand rubles per year.
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