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Study of drive currents for lifting bridge cranes of metallurgical enterprises
for early diagnosis of load excess weight
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Abstraecr. The article discusses an approach bazed on the analysis of the drive motor currents to create an additonal
meams of profection AZAmst emergency sinadons during the aperation of bridzgs crapss asseciated with liftieg 2 load with a
mwass exceeding the permissible one. A mathematical mode!l of an overhead crape drive is described, as well as the
results of comyputer simulation. It is shown that in the process of lifting up, bafore the stage of Liftng the load. the statar
current of the drive elecmic motor does ot depernd of the load mass. but when the load 1s detached, already for several
periods of the mains voltage after the rope is pulled when the mass of the load i3 excesded. 2 measarable excess of the
amplinede value of the cuorent is recarded. This paitern has been confirmed for 2 nomber of canes of various Lifing
capacities used a1 metallurgical enterprizes. The possibilicy of diagnosing excess weight of the lifizd load with a higher
spesd than existing mechanical methods of overload control is demonsmated. at the sams dme it is not required 1o make
changzes to the stmctural elemeris of overhead cranes.

Key words: overhead crane drive; three-mazs mechanical system; asynchronous motor; dypamic model in discrete
form: cargo separation stage; stator current amplinds

Imtroduction. The main types of technological and repair equipment at metallurgical enter-
prises mclude lifting mechanisms: bridge cranes and cranes for various purposes. The specific weight
of lifting mechamisms in the technological and repair equipment of shops of metallurgical enterprises
cam reach 10-13 %6, Accidents associated with the use of Lifting equipment often leads to mjury
to people in the damger zone [3]. In addiion, the thythm of technological processes and hugh eco-
nomic mdicators of enterprises depend on the reliable operation of iftiing mechamsms. Therefore, the
provision of ifting mechanisms with modern high-speed protection against emergency situations and
diagnostic tools 13 an urgent task. [5, 14, 13].

For bridge cranes of metallurgical enterprises, the following emergency situations are standard:
over-lifting of the load-grippmg body, wviclation of the integrity and geometry of the crane structural
elements, breakage of hoisting ropes, overheating and failure of the lifting electric motor. An
increase in the crane load when lifting 2 load of an unacceptable mass can lead fo the listed
EMETZENcies.

To protect against accidents caused by the lifting of loads of unacceptable mass, load limiters
are used. Currently, several methods of overload control are used, meluding devices using spring-
lewver systems [6] and devices usmg strain gauges [2, 9], which, however, do not have sufficient acen-
racy, sensitvity and speed. Also. protection schemes have been developed with the use of additional
power elements, however, they complicate the design of hfting mechanisms, thereby reducing the
reliability of protection [7].

Taking into account the abowve, as well as mn the conditions of the repar and operating umnits
personnel reduction, to recognize the emergency excess of the weight of the cargo, it is necessary o
use additional capabilities. meluding methods of indirect contrel. For mdirect control of the equip-
ment of mining and metallurgical enterprises, methods bazed on the analysis of changes over time in
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the parameters of the working cycle [1] melnding the analysis of the dynamic state of drive motors are
nzad [11, 12].

There are methods for indwect contrel of the mass of the load to control and protect crane equip-
ment during the lifting process for cranes for other purpeses. Thus, in sources [21, 23, 32] monttormg
and diagnostics systems are offered for mobile, tower and bridge cranes, respectively, providing add-
tional information abowut the crane operation to its operator. However, all these systems for determining
the mass of the load invelve the use of additional sensors in the crane structure — encoders, siram
gauges. The article [24] describes a control system for a harbor crane with a2 bul-in load mass estl-
mation loop, for the operation of which additional load displacement sensors are used relative to the
boom hifting block, but 1t does not assume the possility of rope slack. The article [28] shows a
control system for a crane of a drilling platform, in which the mass of the load is caleulated fom the
data of the heoisting rope stran gange and the hydrodsymamie pressure sensor. Articles [30, 31] con-
sider an overload protection system when lifting for cranes for marme use as part of a forward control
system, for the operation of which a dynamic model of a traction winch serve motor and a Lifting
mechanism with a load are used together, however, the design differences do not allow transferring
this approach to bridge cranes of metallurgical enterprises.

Protection systems agamst excess carge welght using indwect control methods for crane mecha-
nisms are actvely used, however, currently there 15 no effective approach for bridge cranes, which
does not require the installation of additional sensors in the mechanical subsystem of the crane, but
uses information about the dynamic state of electric motors.

Formulation of problem. To create an addinional means of preventing accidents — ifting loads of
unacceptable mass — using the control of the electric motor currents of the overhead crane lifting mech-
anism, 1t 13 necessary to analyze its dynamic state, and when analyzing the dynamic modes of electric
drrves of mining and metallurgical equipment, 1t 15 necessary to take mto account the dynanucs of the
mechanical subsystem [4]. A number of mathematical models have been developed for lifting mech-
amisms for overhead cranes that describe dynamic modes and processes in umits and elements of
equipment_ [2, 19, 22, 27]. Howewer, these models are very complex and therefore are not suitable
for solving the problem, assuming in the future the need for technical implementation in the form of
software and hardware, for which a relatively simple model with lnmped parameters is nseded, but
adequately describing the technelogical operation of hftmg a load by 2 crane and allowmg to rehably
udentify an emergency situation of excess cargo weight.

The operation of liftmg the load consists of three consistent stages,
namely, the choice of the rope weakness until the tension force appears in it,
the rope tension until the weight of the load is balanced by the foree in the rope .I s
and the load hftimg off with 13 subsequent rising. An important feature of the ©
rope slack selection stage 15 the actual absence of mutual connection betwesn
the load and the drive motor before the tension force appears m the rope. This
means that it is possible to diagnoss an emergency excess of the load weight
by an indireet method only as a resul: of a detailed analysis of the hoist drive
electric metor mathematical model and crane mechanism during the transi-
tion from the first stage to the second and third, during which it is necessary
to wdentify diagnestic signs of the mode of lifting a lpad of excessive weight.

Methodelogy. For the mathematical description of the drive mechanism
for hfting bridge cranes, the most commeon n practice 13 the model of a three-
mass mechanical system with elastic connections between the masses [23].
shown in Fig.1, where my, miz, ms —the masses of the rotating parts of the hoist

mechamism, load anFi bridge reduced to the rope; X1, ¥2, %3 = displacement of mti:]ehﬁi:
masses; (1, O — stiffness of the rope and crane bridge; I — rope slack; P - system

123




Journal of Mining institute. 2027, Vol 247, B, 122137 DO 10T 897PML2021.1.13
Ining Y. Samy¥ing, Mikhal V. Kipervasser, Alaxanger V. Eerasimug
=]

starting force of an eleciric motor, defined as the product of the electromagnetic moment on the motor
shaft M by the reduction coefficient kp = i/Ruvar; F — rope tension

Based on this model, systems of differential equations are compiled that describe the system at the
stages of choosing the rope slack, its tension and the separation of the load from the support [25].
Sequential modelng each of the stages, taking mto account the mitizl conditions durmg the transition

from one to the other, makes it possible to adeguately deseribe the dynamice state of the drive mechamam
for hftmg bridge cranes. and the conditions for the begnmmg and end of the stages are given m the table.

Conditions for the beginning and end lifting mechanizm movement stages

Etage Initiz] conditiozs End conditicms
L. Slack rope selection Xy mOx, = x, =i [x, =1
X om0l =m0 = 0= 0 [F=Clx-il=i
Xygp = 3 Tpp = 0 Xy =35
xl k 'J'Ii‘ x!lk |:| IJ.'.r = x;; = I‘.Il'
1. Tensinning the rope wntil balancing Ay T Xk X = Mg Xy = Xage: Fom Gy (3 = ) =
X SN S XX =X P, [T =W = xSy
Xiye = X =05 My =201 =1
3. Cargo lift-off wrih following lifting up Ay = Xpggs Xy = Mgy ] Xy = Xy
= ] = Xy X = X f =1y i

The motion of the masses of 2 three-mass mechanical system after separation of the load is
described by the following system of equations:

m, dr'— =k, M-C[x,-x,]
d’x, =C[x, - x,]-m,g +m - (D
T d.r || 2 g 1 :

m_,d-x =myg +C,[x, - x,]-C,x,

[ dr

For subsequent analysis, 1t 15 convenient to reduce the system of equations to a lmear form
by performing the change of variables:

ﬂ _“- d‘lﬁ'q - 1 [ P_H _CI I:'H_'_I _“:: :|]
dt aom, -
| dw, dw 1 . _ Cdw
e e G Rl Q)
I:i'l-'l-'1 e 1
Lo T e —w e w
'. dt & di & m, [C|-1"|’-| '|-'|-_1| l:‘_-.;'l.-l.q]_

This system of equations shows that the electromagnetic moment of the engine M and the load
mass m: durmg the transition to the stages of tensionmg the rope and detachmg “the load turn out to
be dymamically connected, which means that the analysis of the quantities affecting the electromagnetic
moment at this stage 15 able to reveal diagnostic signs of the mode of hfimg a load of excessive mass.

The system of equations (2) can be solved by varions methods. Since modem diagnostic systems are
techmeally implemented on the basis of microcontroller devices, which are characterized by time gquanti-
zation of signals, it 13 convenient to reduce the system of equations (2) to a discrete form. To perform
samplmg, the Laplace transform and the bilmear transform (Tustm ransformy) are used sequentially.
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After passing from the space of ongmals to the space of the complex vanable p. performing the
Laplace transform, and then from it through the bilinear transformation to the variable z, we obtam the
following discrete model:

Cwy k) —w (b =1)=lw,k)+w (k-1))T/
wlk)—w (k—1)={w(k)+w k-1 T/
w,lk)l-w ik —1)={w ik )+w ik-1)T/

(k Mik)+kM(E-1)-
e i E :
:u'_LI_J.:_I—u'__I,J-: -1} =3 —C,| wylkl+w (kE=1)-";

2m, ) 3
' —wlk)-w,(k-1) | ©)

B2

T (wiE)ew =Dy Y2

W, |_J':'_|—'I-'I-'F,Jlf —1| —E: C|| _“.:I.kl_“::lk_l:I:|—i-"|'1‘|g;:+?|_H6|_|I-i.',—1+6|_|!i.’—1.|.:
| [ (wylk)+w (e -1)-) )
wolk)=wlk~1)= =g+ | MM I e 142,
P ' 2 2my | —wylkl-w,lE=-1) ) |

s

The system of eguations (3) should be solved together with the mathematical model
of the electric drive, inclnding the overhead crane as part of the electromechanical complex [13]. An
asynchronous motor-based drive 1s considered as an electric drive.

Several appreaches can be used to compile a mathematical description of an mduction motor.
(16,17, 26, 29]. One of them is modeling in phase coordmates, which 1s most suitable for diagnestics
tasks, since 1t 1s more suitable m the event of malfunctions of the engine itself

An induction motor in phase coordmates a, b, ¢ 1s described by a system of differential equations

[207:

_ . ¥ _ . | P _ _ . X -
i, =00 +ri, =00 T, =i, + Wiy +F + L+ T I:

dr di

!ah:;"" + iy =Upg: &:f’ +hi, =0 M= PJ:J &
Strd =Ug; ¥, . ri, =0 o .
[ dr ar dt ’

where Uy, Uy, Ur—veltage at the terminals of the stator winding;, ¥, ¥a, ¥, 14, is ic— flux Inkage
and currents of stator phase windings; v, s, Fr, — active resistances of stator phase wmdings;
Yo ¥ o iy is f: — flux linkage and currents of the rotor phase wmdings; ra s, Fo — active
resistances of the rotor phase windmgs: v — rotor angular position; Wew — supply of electromagnetic
energy of the machme: p — mumber of pole pars: @ — rotor veloctty: o, — synchronous Fequency of
stator field rotation.

The flux linkage of the stator and rotor windings 13 described by the following equations:

-'LP..; = 'LAJ:A +M A.E]..E +M AC E.-:'.‘ +M .-Iuj:u + M .mj'.'- o -H.-;'.'E.L;
W= Loip + Mg + M i, + Mo i, + M i, + Mo

Fa'a
| ¥ =Loip + M i+ Mpoiy + Mg, + Mo, + Mo )
=L M i, M i M i M i+ M i
Wo=Lg, +M i+ M0 M MG M

|L"-I-"{_ =L +M_ i +M, i +M_i, +M i, +M ...
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it}
where Ly, Lg, Lo — stator phase mductances; Lo, Ly, L — rotor phase mductances; Mg, Mpo, Mac —
mutual mductances between stator windings; Mas, M., M — mniual mductance betweesn the rotor
windmgs.

Simee the stator and rotor windings move relative to each other with a frequency wy, the nminal
mductances between the wimdmgs are determumned by harmenic dependences [20], where Mo, Masw,
Mrew — maximum values of mutual mductance when the rotor windings pass the phases a, b and ¢
respectively, exactly under the stator windings of the phases 4, B and C. For example, for the phase 4:

M, =M_,=M,_ cosiorl

2m

Jrf_.b=}|«-1r:.__, =_J|,-_-EAMCDS c.:lr.|.T - ©
M =M, =M, cos [-},E—%E.

1
e

As aresult, the differential threephase model of an asynchronous elecine motor m natural phase coor-
dmates, nh{ained from the system of equations (4), looks as follows:

iU, o gy or Faing Fopg Felgy Fig By AL
il E*,f i i dt TTodt drt dt Tdi )
i=t| U, [ e apg Fuyp Ty gy Teogy Gl gy dho g dEL
% L&y Sdr % dr B dt * dt B dt B dr !
o1y [ -E'*P di, i di, ai )
o= U | —Sa, + M+ M 3+L. ‘"+Jrf —+'Lf,.. ——’L:f == [
T : “ c‘-‘j.- A dr "t dt * dr dr | |
1{ &%, i, a1, di i, dig |
=—— "+_:'|:f =+ M =<1 S+ M —E+M = 7
r, |. g " Cdt  Tdt L | * dt * dt | | o
1/8%, di, iy, i, di,
=— o+ M, + M, S+ M, A M .’r_l'.-.
b=l oy Ot Ma Ty T oG Mgy MG My dr be |
1{ ¥ i, df, di i,
=———2m + M M, —E2+1 +M + M
t r,_,l._ oM M Tt L My ‘5:1? “".dr|
M= P| "z + HPLPFI +1P"":'l_—iz +E""1 +'€PLF ; dr _ .
&y o a &y gy © ) dr

where the derivatives of the flux linkages dependent on the angle y are determmed by differentiating
the system of eguations (3) with respect to time as a complex fiunction taking into account the
harmonic dependences of the mmtual mdnctance (6) for phase 4 and simular enes for pha=e= Eand C.

The system of equations (7), similar to the model of a three-mass mechanical system. can be
conveniently presented in discrete form by means of a bilinear transformation [10]:

ilk )= [dlk )+ ClE [k )+ (10 (k- 1))+ [A(k)+ kT [-1Bk 1)+ D(E-1))i (k-1), (&

where the matnices of voltages and currents are following:

U, (k)] U, (k=10 ALl i, (k=10
U, (k) U,lk-1) iglk) i(k-1)
Uik ik -11 i k) i(k-1)
Tikl= - : Mk-11= ‘ ] =| " | ilk-1)=| " Al g
Ulk) Uik Uik -1) U ko1 ilk) i )| ilk—1) i (-1) L)
U,lk) U k-1) i, (k) ili-1)
U lk) U (k-1) | 7 (k) i (k-1)
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The analytical solation of Canchy problems for the stages of hifting a load nsmg the obtamed
description of an electric motor and a three-mass mechanical system seems to be difficult due to the
presence of a large mumber of variables, as well as the derivative with respect to the rotor rotation
angle, and thersfore the obtained mathematical description was analyzed by the methed of computer
simulation in the MMatlab Simulink software package [18]. An overhead crane hoist drive model
corresponding to equations (23-(9) 1z shown mn Fig.2.

Discussion. Let us show the nse of the model shown in Fig.2 for caleulatmg the stator currents of the
motor of the ifting mechamsm of a repar bridge crane with a Lifting capacity of 32 tons. The system was
simmlated m the modes of ifting a load with & nommal mass and hifting a load with 2 mass excesdng the
permissible by 3, 15 and 25 %, respectively, consequently, with the computational experiments as the
mass of the cargo ma m the system of equations (3). the following values were set: mp= 32000 kg,

mp = 33000 Lg mm = 36000 Lg g mpy = 40000 kg; the value of the rope slack 1 1s assumed to be the
same for all loads. As the results of modeling, the valnes of the stator currents of the hifting electric
motor were cbtained when lifting from the surface of the weights (Fig_3).

Analyzing the results obiained, it can be noted that m the system under consideration, until the
time t=4.8 3, the rope slack 1z selected, as a result of which the stator current 1z the same for all
weilghts, and s amplitude does not change during the entire stage.
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Fig 3. Flucruations in the stavor ourrent of the alectric motor when lifing loads of varions masses (a), at the stnge of lifting the load ()
L — mlsction of rope slack; 2 —rops tansion; 3 — 1ift-off of the Lead
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After the first stage of lifting the load ends, a force arises m the rope, and the value of the current
mereases with an increase m the rope tension of the hifting mechanism. The condition for the end of
the second stage is the equality of the load weight mn the rope, as a result of which the end time of the
second stage for each of the loads 1s different, and the division in Fig 3, a is shown conditionally. For
cargo with a larger mass, the duration of the second stage increaszes.

At the third stage of lifiing the load, the amplitude values of the current fluctuate with a frequency
determined by the ratic of the reduced masses and the stiffness ofthe connections. In addition to changing
the time of the beginning of the stage of lifting the load, the amplitude valnes of the current for different
masses alse differ, and there 13 also a shift of oscillations in phase for loads of different masses

The simulation resulis show that already in the first five periods of the mams voliage after sepa-
ration of the load from the supperting surface, a fixable difference m the amplitude “of the stator
current 15 found (Fig.3. &), which for mp 13 1.8 %, for mm — 12.7 %, and for mm — 23.6 %% The
appearance of differences m the magnitudes of the stater current amplitude indicates the sensi-
tivity of the model to variations in the mass of the lifted load and confirms the possibility of
diagnosing everload for units of periods of the mains voliage.

Warious weights lifting loads processes simulation, similar to that shown abowve, was done for
a number of cranes of various lifting capacities used at metallurgical enterprises. The equipment
park of the company JSC "EVEAZ VPSS (WVolzhsky Plant of Steel Structures)”™ (Wewvokuznetsk),
numbering 354 umts of overhead cranes, was co nsidered as a basis. As a result of his analysis, the
series of overhead cranes under consideration included 51 units of standard sizes with a drive power
of 5-160 kW and a weight of the lifted load of 3-200 tons.

Using the systems of equations (2)-(9) and the mode] shown m Fig 2, the values of the stator cur-
rents of asynechronons metors of lifting mechanisms for all bridge cranes of the series under considera-
tion were detenmumed. For each of the standard sizes, a simmlation of the overload situation of the lifting
mechanizm with a load mass exceeding the nominal by 1 % was performed. The values of the stator
phase current were determined m the first half-period of the supply network veltage when the load was
detached, and in all cases an mcrease m its amplitude was recorded relative to the experience of lifting
with a load of nominal mass with a weighted average deviation value of 0.379 %2 over the seres. For
the obtamed simulation results, statistical relationships were mwvestigated between the drive power NV,
the crane lifting capacity 7, an increase m the current amplitnde T and regression eguations were ob-
tamed with a lmear comrelation coefficient of 0.75:

I=r, 2L (N-F)+I or I=0014N+0.009:
o (10)
I=5py S (W-)+T or I=0007+036.
-

Additional studies have shown that the increase in the stator current amplitude fom the first fo
the fifth period of the mams voltage 15 linear, as 1s the mcrease m the stator current amplitude with
an merease inmass Tom 1 to 10 %

Thus, the regression equations (10} make 1t possible to predict an merease m the amplitude of
the stator current when the weight of the load is exceeded for bridge cranes that are net included
the considered list of standard sizes, and. therefore, serve as the basis for an algorithm for early diag-
nosis of excess weight of the load for any bridge crane metallurgical enterprizes and can be nsed in
the future to determine the setting for the operation of software and hardware protection.

Conclusion. The results of all computational experiments confirmed the following:

= at the stage of choosing the slack in the rope, the stator current of the electric motor of the
lifting mechanism does not depend on the mass of the load;

= the time before the start of the third stage increases with the merease in the weight of the carge;

» peak current valnes at the stage of lifting the load mmerease with inereasing mass of the load,
and a fixable difference appears already after five perieds of mains voltage from the begining
of the stape;
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* the frequency of current fluctuations after detachment of the load depends on its mass, but
varies within small limits.

The volume of the results obtamed made it possible to determine the statistical relationships
between the values of the hoist drive power, the hifting capacity of the overhead crane and the devia-
tions m the amphtude of the electric motor ewrrent, which are the basis for the algorthm for early
diagnosis of excess weight of the load. Thus, monitorng the current of the hoist electric motor allows
us to create protection of the hoistmg mechanism from excesding the weight of the load, which does
not require changes to the structural elements of overhead cranes. The speed of the proposed approach
15 significantly higher than that of the existmgz mechanical methods of overlead contrel
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