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Abstract. The article discusses an approach based on the analysis of the drive motor currents to create an additional
means of protection against emergency situations during the operation of bridge cranes associated with lifting a load with a
mass exceeding the permissible one. A mathematical model of an overhead crane drive is described, as well as the
results of computer simulation. It is shown that in the process of lifting up, before the stage of lifting the load, the stator
current of the drive electric motor does not depend of the load mass, but when the load is detached, already for several
periods of the mains voltage after the rope is pulled, when the mass of the load is exceeded, a measurable excess of the
amplitude value of the current is recorded. This pattern has been confirmed for a number of cranes of various lifting
capacities used at metallurgical enterprises. The possibility of diagnosing excess weight of the lifted load with a higher
speed than existing mechanical methods of overload control is demonstrated, at the same time it is not required to make
changes to the structural elements of overhead cranes.

Key words: overhead crane drive; three-mass mechanical system; asynchronous motor; dynamic model in discrete
form; cargo separation stage; stator current amplitude

Introduction. The main types of technological and repair equipment at metallurgical enter-
prises include lifting mechanisms: bridge cranes and cranes for various purposes. The specific weight
of lifting mechanisms in the technological and repair equipment of shops of metallurgical enterprises
can reach 10-13 %. Accidents associated with the use of lifting equipment often leads to injury
to people in the danger zone [3]. In addition, the rhythm of technological processes and high eco-
nomic indicators of enterprises depend on the reliable operation of lifting mechanisms. Therefore, the
provision of lifting mechanisms with modern high-speed protection against emergency situations and
diagnostic tools is an urgent task. [5, 14, 15].

For bridge cranes of metallurgical enterprises, the following emergency situations are standard:
over-lifting of the load-gripping body, violation 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 a load of an unacceptable mass can lead to the listed
emergencies.

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, including devices using spring-
lever systems [6] and devices using strain gauges [8, 9], which, however, do not have sufficient accu-
racy, sensitivity and speed. Also, protection schemes have been developed with the use of additional
power elements, however, they complicate the design of lifting mechanisms, thereby reducing the
reliability of protection [7].

Taking into account the above, as well as in the conditions of the repair and operating units
personnel reduction, to recognize the emergency excess of the weight of the cargo, it is necessary to
use additional capabilities, including methods of indirect control. For indirect control of the equip-
ment of mining and metallurgical enterprises, methods based on the analysis of changes over time in
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the parameters of the working cycle [ 1] including the analysis of the dynamic state of drive motors are
used [11, 12].

There are methods for indirect control of the mass of the load to control and protect crane equip-
ment during the lifting process for cranes for other purposes. Thus, in sources [21, 23, 32] monitoring
and diagnostics systems are offered for mobile, tower and bridge cranes, respectively, providing addi-
tional information about the crane operation to its operator. However, all these systems for determining
the mass of the load involve the use of additional sensors in the crane structure — encoders, strain
gauges. The article [24] describes a control system for a harbor crane with a built-in load mass esti-
mation loop, for the operation of which additional load displacement sensors are used relative to the
boom lifting block, but it does not assume the possibility 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 calculated from the
data of the hoisting rope strain gauge and the hydrodynamic pressure sensor. Articles [30, 31] con-
sider an overload protection system when lifting for cranes for marine use as part of a forward control
system, for the operation of which a dynamic model of a traction winch servo 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 against excess cargo weight using indirect control methods for crane mecha-
nisms are actively used, however, currently there is 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 additional means of preventing accidents — lifting loads of
unacceptable mass — using the control of the electric motor currents of the overhead crane lifting mech-
anism, it is necessary to analyze its dynamic state, and when analyzing the dynamic modes of electric
drives of mining and metallurgical equipment, it is necessary to take into account the dynamics of the
mechanical subsystem [4]. A number of mathematical models have been developed for lifting mech-
anisms for overhead cranes that describe dynamic modes and processes in units and elements of
equipment. [2, 19, 22, 27]. However, 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 lumped parameters is needed, but
adequately describing the technological operation of lifting a load by a crane and allowing to reliably
identify an emergency situation of excess cargo weight.

The operation of lifting 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 force in the rope
and the load lifting off with its subsequent rising. An important feature of the sz

rope slack selection stage is the actual absence of mutual connection between P @

the load and the drive motor before the tension force appears in the rope. This i
means that it is possible to diagnose an emergency excess of the load weight

by an indirect method only as a result of a detailed analysis of the hoist drive l mag
. . . . . Ci
electric motor mathematical model and crane mechanism during the transi-
tion from the first stage to the second and third, during which it is necessary F T /
to identify diagnostic signs of the mode of lifting a load of excessive weight. [
Methodology. For the mathematical description of the drive mechanism m2 T X

for lifting bridge cranes, the most common in practice is the model of a three-
mass mechanical system with elastic connections between the masses [25],

l mag

shown in Fig.1, where m1, m», m3 — the masses of the rotating parts of the hoist
mechanism, load and bridge reduced to the rope; xi1, x2, x3 — displacement of
masses; C1, C> — stiffness of the rope and crane bridge; / — rope slack; P —

Fig.1. Three-mass
mechanical hoist
system
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starting force of an electric motor, defined as the product of the electromagnetic moment on the motor
shaft M by the reduction coefficient k, = i/Rvar; 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 modeling each of the stages, taking into account the initial conditions during the transition
from one to the other, makes it possible to adequately describe the dynamic state of the drive mechanism
for lifting bridge cranes, and the conditions for the beginning and end of the stages are given in the table.

Conditions for the beginning and end lifting mechanism movement stages

Stage Initial conditions End conditions
1. Slack rope selection x,=0;x,=0;x, =0; {x, =1
X =0;x,=0;x,=0;¢=0. F=C(x~1)>0;

Xppe = Xp5 Xog = 05 003, = X33
L2 S A VA A DU
Xipe = X053 Xop = 05 065, = X350 =1,
2. Tensioning the rope until balancing Xy = X0 Xy = Xy X3 = Xgq4s F=C/(x;,—x,)=m,g;

L Y Y S R S Xin) =X X, =00 X0, = X0
X| =X 5 X = X5 Xy = X35 E= 1, 12k 15 422k > A3k 3>
X, =x5x,, =0;x,, =xi;t=t
12k = X Xag = U5 Xy = X35 2%+

3. Cargo lift-off with following lifting up X, = Xygps Xy = Xgpps Xy = X315

f_ ’ . ’ — ’ . ’ — ’ . —
X = Xigps Xy = Xpops X3 = Xgpps L =1y

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

d’*x

m, dt]:kpM_C'[x'_XZ];
d*x d*x

m, dtzzcl[xl_xz]_ng"‘mz dt3; (1)
d*x

ms dt3=m3g+C,[xl—x2]—C2x3.

For subsequent analysis, it is convenient to reduce the system of equations to a linear form
by performing the change of variables:

dw dw, 1
cwe A= M —C(w, —w,)|;
dtl Wi T ] [ P I(Wl Wz)]

dw dw 1 dw
dtz =Ws, d: :m_z[C] (Wl _Wz)_mlg]"' d: 5 (2)
dw, s AW 1

= g+—[C, (Wl - Wz)_C2W3]-

my

This system of equations shows that the electromagnetic moment of the engine M and the load
mass my during the transition to the stages of tensioning the rope and detaching the load turn out to
be dynamically connected, which means that the analysis of the quantities affecting the electromagnetic
moment at this stage is able to reveal diagnostic signs of the mode of lifting a load of excessive mass.

The system of equations (2) can be solved by various methods. Since modern diagnostic systems are
technically implemented on the basis of microcontroller devices, which are characterized by time quanti-
zation of signals, it is convenient to reduce the system of equations (2) to a discrete form. To perform
sampling, the Laplace transform and the bilinear transform (Tustin transform) are used sequentially.
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After passing from the space of originals to the space of the complex variable p, performing the
Laplace transform, and then from it through the bilinear transformation to the variable z, we obtain the
following discrete model:

W (k)_wl (k_l) (W4(k)+w4(k 1))T/2;
w, (k)= w, (k—1) (Ws(k)"'ws(k )T /2
wy (k)= w, (k —1) = (w, (k) +w, (k=1)) T /2;

(k) W, (k 1) @)

k)+w](k 1)
(k)_wz (k_l

M (k)+ kM (k1)
w, (k)—w, (k- 1;{ w, (k)+w,(k-1)- ];

)]—mlg};(wé(k)—w6<k—1>>;
w(,(k)—w(,(k—l):gg +_(C](W1 (k)+ w]v(vlz(—kl_);)]_C2W3 (1+z“)] :

2m, W (k)_

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

Several approaches can be used to compile a mathematical description of an induction motor.
[16, 17,26, 29]. One of them is modeling in phase coordinates, which is most suitable for diagnostics
tasks, since it is more suitable in the event of malfunctions of the engine itself.

An induction motor in phase coordinates a, b, ¢ is described by a system of differential equations
[20]:

d¥ d¥ 1
TrAHAiA =U,; Ctrio=0; Wy, :5(\15,1;4 + Wi, + Wi+ + 0, + PL0);

dt a a
av, 4 oW
—L i, =U,; —L2+4ri =0, M=p—M; 4
d Blp B dr ) p oy 4)
—leC+rciC:Uc; le°'+rc,z'c:0; ﬂ:(,)
dt dt dt r

where Uy, Up, Uc — voltage at the terminals of the stator winding; W4, Ws, W, i4, i ic — flux linkage
and currents of stator phase windings; r4, 7, rc, — active resistances of stator phase windings;
Y, WY Y ia ip ic — flux linkage and currents of the rotor phase windings; 74, 75 rc — active
resistances of the rotor phase windings; y — rotor angular position; Wgm — supply of electromagnetic
energy of the machine; p — number of pole pairs; ®, — rotor velocity; ms — synchronous frequency of
stator field rotation.

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

lPA =L,i, +MABiB+MACiC+MAala +MAb b+MALlw

Wy=Lyig+Myio+M i, +Myi, +Myi, +M,i;
Yo=Lii-+M,cic+Myig+M i, +Mqi, +M_i;
W, =Lji,+M,i,+M, i +M i, +M iy +M,ic;
Wy =Ly, + My i +M i, + My i+ Mygiy +Mcic;
W.o=Li +M, i +Myi,+M i, +M i, +M . ic,

)
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where L4, Lp, Lc — stator phase inductances; L,, Ly, Lc — rotor phase inductances; Ms, Mpc, Mac —
mutual inductances between stator windings; Mus, Mp., M. — mutual inductance between the rotor
windings.

Since the stator and rotor windings move relative to each other with a frequency ®,, the mutual
inductances between the windings are determined by harmonic dependences [20], where Maam, Mpim,
Mcem — maximum values of mutual inductance when the rotor windings pass the phases a, b and ¢
respectively, exactly under the stator windings of the phases A, B and C. For example, for the phase 4:

M, =M, ,=M,, COS((Ort);

2
M,=M, =M,, cos(co,t +?“); 6)

2
M, =M_=M,,, cos(cort—?n).

As aresult, the differential three-phase model of an asynchronous electric motor in natural phase coor-
dinates, obtained from the system of equations (4), looks as follows:

iA:l U,- a\PA(Dr+LA%"'MAB%"'MAC%+MAa%+MAb%+MACdlc ;
7 oy dt dt dt dt dt dt
1 oY di di di di di di
i,=—|U,-|—2o +M,,—2+L, L +M, —S+M, —“+M, —L+M, —<||;
B I’B B r AB df Bdf BC df Ba df Bb df Bc df]]
1 oY, di di di di di di
o=—|Uo—| =0, +M o2+ My —2+ L —+ M, —“+ Mo, —L+M.,—=<||;
Ic " c - e Be” g T Ca” s g Ce dt]]
ia:_l a\P“ (’Or+La%+Mab%+Macdlc +La%+MaB%+MaC% 5 (7)
r\ oy dt dt dt dt dt dt
ib:_l ai(‘) +M,, % Lb%"'Mbcﬂ"'MbA%"'MbB%"'Mbcdlc
r\ Oy bt dt dt dt dt dt
icz—l oY, o+ M, di, i, v 9 diy, di, dlA M, diy M, di, :
r.\ Oy “dt dt  *dt *di bt dt
:E(a\y/‘ iA+a\PB iB+a\PCic+a\P“ ia+a\}l”ib+a\y” iL]; ﬂ:cor,
2\ oy oy oy oy oy oy dt

where the derivatives of the flux linkages dependent on the angle y are determined by differentiating
the system of equations (5) with respect to time as a complex function taking into account the
harmonic dependences of the mutual inductance (6) for phase A and similar ones for phases B and 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]:

i) =[4lk)+ O] U k) + (10 (k= )]+ [4(k)+ CET [(-1)B(Kk - 1)+ Dk - )]i(k -1). (8)

where the matrices of voltages and currents are following:

_UA (k)_ _UA (k - 1)_ _lA (k)_ _iA (k - 1)_
U, (k) Uy(k-1) {B(k) {B(k—l)
k)= Z((:)) Ulk—1)= Z((Ii‘::)) i(k) = ((;f)) i(k—1)= ((11:11)) ©)
Ub(k) Ub(k_l) ib(k) ib(k_l)
U, (k) | U, (k-1) ] i, (k) | i (k=1)
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Fig.2. Blocks for modeling an induction motor (a) and a mechanical subsystem of a drive (b)

in Matlab Simulink
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The analytical solution of Cauchy problems for the stages of lifting a load using the obtained
description of an electric motor and a three-mass mechanical system seems to be difficult due to the
presence of a large number of variables, as well as the derivative with respect to the rotor rotation
angle, and therefore the obtained mathematical description was analyzed by the method of computer
simulation in the Matlab Simulink software package [18]. An overhead crane hoist drive model
corresponding to equations (2)-(9) is shown in Fig.2.

Discussion. Let us show the use of the model shown in Fig.2 for calculating the stator currents of the
motor of the lifting mechanism of a repair bridge crane with a lifting capacity of 32 tons. The system was
simulated in the modes of lifting a load with a nominal mass and lifting a load with a mass exceeding the
permissible by 3, 15 and 25 %, respectively, consequently, with the computational experiments as the
mass of the cargo m» in the system of equations (3), the following values were set: m; = 32000 kg,
mu = 33000 kg mm = 36000 kg u mrv = 40000 kg; the value of the rope slack 1 is assumed to be the
same for all loads. As the results of modeling, the values of the stator currents of the lifting electric
motor were obtained when lifting from the surface of the weights (Fig.3).

Analyzing the results obtained, it can be noted that in the system under consideration, until the
time ¢ = 4.8 s, the rope slack is selected, as a result of which the stator current is the same for all
weights, and its amplitude does not change during the entire stage.

¢ 1A
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40
20
0
-20
—40

—-60

4 5 6 7 8 9 10 11 12 13 14 s

[’A T T T T
60

-60 [

48 49 5 51 52

5.268

5.272 5.276 t,s

Fig.3. Fluctuations in the stator current of the electric motor when lifting loads of various masses (a), at the stage of lifting the load (b)

1 — selection of rope slack; 2 — rope tension; 3 — lift-off of the load
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After the first stage of lifting the load ends, a force arises in the rope, and the value of the current
increases with an increase in the rope tension of the lifting mechanism. The condition for the end of
the second stage is the equality of the load weight in the rope, as a result of which the end time of the
second stage for each of the loads is different, and the division in Fig.3, a is shown conditionally. For
cargo with a larger mass, the duration of the second stage increases.

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

The simulation results show that already in the first five periods of the mains voltage after sepa-
ration of the load from the supporting surface, a fixable difference in the amplitude of the stator
current is found (Fig.3, b), which for my 1s 1.8 %, for mm — 12.7 %, and for miv — 23.6 %. The
appearance of differences in the magnitudes of the stator current amplitude indicates the sensi-
tivity of the model to variations in the mass of the lifted load and confirms the possibility of
diagnosing overload for units of periods of the mains voltage.

Various weights lifting loads processes simulation, similar to that shown above, was done for
a number of cranes of various lifting capacities used at metallurgical enterprises. The equipment
park of the company JSC “EVRAZ VPSS (Volzhsky Plant of Steel Structures)” (Novokuznetsk),
numbering 354 units of overhead cranes, was considered 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 5-200 tons.

Using the systems of equations (2)-(9) and the model shown in Fig.2, the values of the stator cur-
rents of asynchronous motors of lifting mechanisms for all bridge cranes of the series under considera-
tion were determined. For each of the standard sizes, a simulation of the overload situation of the lifting
mechanism with a load mass exceeding the nominal by 1 % was performed. The values of the stator
phase current were determined in the first half-period of the supply network voltage when the load was
detached, and in all cases an increase in its amplitude was recorded relative to the experience of lifting
with a load of nominal mass with a weighted average deviation value of 0.579 % over the series. For
the obtained simulation results, statistical relationships were investigated between the drive power N,
the crane lifting capacity W, an increase in the current amplitude / and regression equations were ob-
tained with a linear correlation coefficient of 0.75:

[=r, 2L(N=N)+I or I=0.014N+0.009;

o (10)
[ =1, 2L(W-W)+I or I=00+0.36.

Ow

Additional studies have shown that the increase in the stator current amplitude from the first to
the fifth period of the mains voltage is linear, as is the increase in the stator current amplitude with
an increase in mass from 1 to 10 %.

Thus, the regression equations (10) make it possible to predict an increase in the amplitude of
the stator current when the weight of the load is exceeded for bridge cranes that are not included in
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 enterprises and can be used 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 increase in the weight of the cargo;

* peak current values at the stage of lifting the load increase with increasing mass of the load,
and a fixable difference appears already after five periods of mains voltage from the beginning
of the stage;
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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 obtained made it possible to determine the statistical relationships
between the values of the hoist drive power, the lifting capacity of the overhead crane and the devia-
tions in the amplitude of the electric motor current, which are the basis for the algorithm for early
diagnosis of excess weight of the load. Thus, monitoring the current of the hoist electric motor allows
us to create protection of the hoisting mechanism from exceeding the weight of the load, which does
not require changes to the structural elements of overhead cranes. The speed of the proposed approach
is significantly higher than that of the existing mechanical methods of overload control.
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