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Abstract. The paper discusses the cargo anti-sway
method based on the induction motor torque control
using modern variable frequency drives. The main
equations relating the tractive force and the cargo sway
angle, on the basis of which the motor torque control law
is formulated for zero cargo sway at the end of
accelerating and braking, are written. The results of
simulating the behaviour of the two-mass trolley-cargo
system are presented for the typical ratios of the cargo
weight to the rope length, which support the assumption
about the feasibility of cargo anti-sway control by direct
motor torque control.
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1. Introduction

One of the topical issues of automation and raising
the efficiency of loading operations is cargo anti-sway
control. Today, there are certain approaches to solving
this task, ranging from mechanical solutions (reeving the
ropes of the lifting device, pulling up the ropes for the
spreaders [2, 8]) to electrical ones (setting up the
container crane trolley speed or the boom swing speed
with the zero vertical deviation of the cargo at the end of
acceleration/braking). The electrical influence on the
travel drive (swing drive) was as a rule implemented by
applying the sign-reversing total motor torque to the
travel gear [1, 3, 4], which caused accelerated wear both
of the mechanical gears and the motor.

It should be noted that modern variable frequency
drives (VFD) provide for control modes both for the
speed and the torque. The control task for the torque can
be fed through the analogue input, RS-485 (Modbus-
RTU; Modbus-ASCII), CANopen or in other standards
via COMM Card, as shown in Fig.1 on the example of
modern VFD, C2000 from Delta Electronics Inc.
Thereat, toque control can be implemented both by using
the encoder and without it, in the sensorless mode.

2. The main ratios and control law for the mo-
ment for obtaining the expected character of the
cargo sway angle

Let us consider the oscillations of the travel gear in
the two-mass trolley-cargo system ensuring the
movement along the boom of the container crane. In

such a gear, all the processes are presented in a two-
dimensional Cartesian coordinate system.

Considering the onset and damping of the
oscillations in one plane makes it possible to formulate
the fundamental principles of the engineering approach
to the sway control problem using the available technical
capabilities offered by VFD, as well as to develop the
main VFD control algorithms for this process. For swing
cranes, these principles must be supplemented with
mathematical expressions enabling the transfer from the
Cartesian coordinate system to the polar one.

Hereinafter, the movement of the two-mass trolley-
cargo system will be divided into two stages: the
dynamical stage, during which the speed of both masses
changes due to the motor torque control, and the steady-
state one, which is characterized by equal speeds of both
masses and movement at a stabilized speed.

The specific feature of the first stage is VFD
operation in the torque control mode (for the method IM
TQC for Delta C2000 VFD, Fig. 1), when formulating
the required law of the cargo’s vertical deviation during
the acceleration and braking stages of the travel gear,
which is acceptable in terms of its safe operation.

The second stage takes place in the Induction motor
field oriented sensorless vector control (IM FOC
Sensorless) mode, whose specificity is the solution of the
stabilization problem with a high accuracy of the motor
shaft speed by the sensorless method using the data
measured earlier for the equivalent circuit of the motor.

The two-mass trolley-cargo system is primarily
driven by applying the tractive force F' (i.e. the motor
torque) to the first mass of the trolley, m;. The shift of
the trolley relative to the second mass (resulting from the
applied force F) is accompanied by the vertical deviation
of the rope having the length [ by the angle a due to the
cargo inertia (Fig. 2). This process is aracterized by the
ratio of the trolley weight m; and the cargo plus the
locking mechanism weight m,.

At a deviation by the angle a, the gravity force
G, =m,g acting on the cargo can be resolved into the
elastic force Fj, directed along the rope and the force F,

directed along the tangent to the cargo sway trajectory,
which is a circle with the radius /).
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Fig.1. Induction motor in sensorless torque control mode for Delta C2000 VFD.
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Fig. 2. Trolley-cargo system
Obviously: Taking into account that for small deviation angles

F, =m,gcosa;
F =m,gsina ,
where g =9,81 m/s’ is the gravity of Earth.

To simplify the further presentation, let us consider
the following assumptions. The projection of the cargo
deviation onto the X axis is equal:

x=1-sino.

(in radians) o ~sina , we obtain:

x~lo .

In practice, real cargo oscillations do not exceed 4°.
For such an angle, the relative error is 0.025 % for the
assumption sina~o and 024 % forcosax~l.
Therefore, we will further take with a high accuracy that
sin a = a, andcosa, =1 for the above-mentioned range
of the deviation angle.
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The important outcome of this assumption is that the
F component can be located not along the tangent to the
segment of the circle, but along the horizontal axis, as
the accurate value of the tangent component of the force
G, equals:

F =m,gsina = m,go. ,
and the horizontal projection of the tangent component
of I, can be with a high accuracy equalled to F, itself,
as:
F cosa=F,

which enables a further significant simplification of the
mathematical description of the process.

It should be noted that the normal component E of
the resolution ofG,, which is equal to the rope’s
funicular force, has no effect on the movement ofm, .

However, it is one of the causes of the oscillations
damping (due to the elasticity and flexibility of the rope),
along with the frictional forces in places of the cargo
suspension and rope and air resistance. The oscillations
are caused by the tangent componentF, . It is actually the

load force for the motor, indirectly via the first mass of
the trolley m, in the two-mass trolley-cargo system.

Let us write the main equations describing the
movement of the mechanical system being considered
(Fig. 2) from the standstill at a moment of time t, =0 at
applying the tractive force F'to the first mass m, resulting

in a change of the speeds of the first and second masses
and in the deviation of the rope by an anglea :

d’s,

F-F=m—*;
dt
282

t 1

d
dt* - @

Considering that the difference AS=S, -S,in the

(1)

F =m,

distances covered by the trolley S and the cargo
S, during the acceleration stage, taking into account the
assumption made that o =sin o , can be defined as
AS=S, -S§, =lIsina = la, (3)
and
F =m,ga=m,a,, 4)
where a,is the linear acceleration of the cargo, we
obtain from (2) that:
2
0, =<2 g )
From the equation (3) we derive that
S, =AS+S, =lo+S,.
Then the linear speed V, of the trolley equals:

y =95 _da G5, (©6)
dt dt dt

and the linear acceleration a, of the trolley is
d’s, . d’a d’sS,
4 =—==l—=+—,
dt dt dt
which, based on (5), can be written as:
d’s, . d’a
a=—=l—
dt dt
Then the equation (1) will have the form:

()

+ga. (8)

2
F =F +mld—sz‘;
dt

d’a
F =m2ga+m11?+mlgu ,

or
2
F=m11d (2)(.

dt

The last equation relates the tractive force (i.e. the
torque on the motor shaft) with the rope’s deviation
angle a and the second derivative of o using the ratio
of the trolley weight to the cargo weight and the rope
length.

Therefore, by setting up a certain law of the angle
variation at the acceleration (braking) stage we obtain a

+(m, +m,)go . 9)

certain character of the tractive force F for ensuring this

required law of variation of the anglea. .

The control aims at forming such a signal on the
input of the VFD torque setting, which would ensure the
absence of the cargo oscillations at the end of the change
of the cargo speed from the starting value to the set-up
one.

Apparently, the angle variation law is to be
characterized by a differentiable continuous function
with zero initial and final conditions, including its first
derivative. Such requirements are satisfied by a cosine
wave shifted by the value of its own amplitude:

o, =2nfo = ot 2T
T(X, tacc
Ta:taccztdcc
(2 10
a(t)=0Lm(1—COS(Dat)=Otm(l—sm(—nt+£jj (10)
Ta 2
a(t)=o, l—coszm =a,_ | 1-sin 2nt+£
3 372

where o is half the angle allowable at rope vertical

deviation; t, is the time allotted for acceleration
(braking, #4..) of the cargo.

As a reminder, the maximum deviation of the cargo
should not exceed 4°. The real acceleration/braking time in
practice is about 3 sec, which is why we assume t,_ = 3 s.
The graph of the required deviation angle a is presented
in Fig. 3.
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3. Mathematical modelling

In order to verify the proposals made, a simulation
of the behaviour of the two-mass trolley-cargo system
was implemented in the MATLAB environment for the
case of direct control of the motor torque for the cha-
racteristic values of 1(10,30,50m) and m,(10,30,50t)

and constant value m, =10t, which corresponds to the

real conditions of the crane operation. For selecting these
values and calculating the respective coefficients, the
real data of the container crane Liebherr P-179 L Super
were used.

In each simulation problem, the start of the motor
and acceleration of the gear from zero to the speed
V,=V,=1m/s

T, =t,.. =3s on condition that the character of the cargo

was implemented for the time

deviation angle corresponds to the expressions (10).

For each combination of 1 and m, we obtained
functions vs. time (on the acceleration interval) for the
following characteristic values:

— stator current (root-mean-square value in
phase), A;

- rotor speed, RPM;

— electromagnetic torque, Nm, and the task to
form the torque (Electromagnetic Torque 2);

— deviation angle o and its derivatives &, ;

- linear speed of the trolley V, and the cargo V,,
m/s;

- distances travelled by the trolley, S,, and the
cargo, S,, m;

— the difference in the distances travelled by the
trolley and the cargo S, = AS+S,.

The obtained results for the characteristic ratios
between the cargo weight 30 t and the rope length 50 m
are shown in Fig. 4.

The presented simulation results fully confirm the
feasibility of the controlled and predictable anti-sway
method in the two-mass trolley-cargo system at driving
motor torque control.

It should be noted that:

1) the motor torque is none the less sign-reversing
but it is applied not abruptly, as it is proposed in most
methods, but it
according to the task;

conventional changes smoothly

2) the deviation angle does not depend on the ratio
between my, my, [, it is set up according to (10), and is
controlled by the drive;

3) at the end of the acceleration period, the speeds
of the trolley and the cargo become equal at the set-up
value 1 m/s. Thereat, the trolley speed reverses the sign
in the middle of the acceleration period;

4) the distance travelled by the trolley and the
cargo by the end of the acceleration is expectedly 1.5 m,
as it is set up using (10); this distance is also independent
of the ratio between m, m,, [.

Therefore, control using the proposed method at the
stage of varying speed of the two-mass system ensures
an accurate set deviation of the cargo in the middle of
the stage and zero deviation at its end. Thereat, the
distance travelled by the cargo is expected and
predictable, which automatically solves the problem of
the cargo positioning,.
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Fig. 3 Rope deviation angle
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Fig.4. Simulation results for 30 t — 50 m:
a — stator current, torque and speed of the motor; b — speed and distances of the trolley and the cargo;
¢ — deviation angle, its derivatives and current set-up task
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Conclusions

1. The anti-sway method proposed in the paper by
means of direct torque control makes the considered system
to some extent invariant in relation to the rope length / and
cargo weight my: the acceleration time (braking time),
deviation angle and distance travelled by the trolley and the
cargo at the stage of varying speed are set up by the
equations (10). The method allows for a simple solution of
the positioning problems at braking, as the distance that the
cargo travels at this stage is predictable: at a distance 1,5 m
from a required point (at the speed of 1 m/s) a braking
command is sent, and in 3 s without oscillations the cargo
stops in a needed point.

2. An important feature of the method is the absence
of the pulse signals of the sign-reversing torque on the
shaft. As seen from the figures, the torque reverses sign
but this occurs smoothly and under a complete control in
a strict correspondence to the task.

3. The figures show that the acceleration with
damping the oscillations is a fully controllable process,
due to which the trolley speed and motor torque comply
with the established technological and engineering
constraints.

4. The character of the force (motor torque) depends
on the ratio between the weights of the trolley and the
cargo and the rope length. These variables are included
in (9) as coefficients: m; = const, and m, and [ are
determined at the beginning and at the end of the
operation. In modern loading works, the weight of each
specific container is a value known in advance and is
included in the operator’s task for processing certain
containers in the order planned by the logisticians. The
data on the effective rope length can be obtained from
the encoder of the lifting device.

5. The method is simple to implement. The cosine
wave generator and the force evaluator can be included
in the algorithms of a particular controlling PLC (VFD
Delta C2000 comprises a modern powerful PLC) along
with the algorithm for switching VFD modes from the
torque regulation at the acceleration-braking stage to the
automatic speed stabilization at the stage of moving the
cargo at a constant speed.
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MPONO3ULII IIIOJTO METOAY
T'ACIHHSI KOJINBAHb BAHTAXY
IJISIXOM YIPABJIHHSI MOMEHTOM
JIBUT'YHA

Amnarouiii llecraka, JIro6oB MejibHiKOBa

VY poGoTi pO3rIsHYTO METOJ TaciHHS KOJMBaHb BAHTaXy
LUIAXOM YHPABIiHHA MOMEHTOM HPHBOAHOIO ACHHXPOHHOI'O
JIBUT'YHa 3 BHUKOPHCT@HHSIM CYYaCHHUX 4YaCTOTHO-KEPOBAHHX
€JICKTPONPHUBOAIB. J[eTaJIbHO PO3IIISHYTO IPOLEC KOJIUBAaHb Y
JIBOMAcOBiil cucreMi “Bi30K-BaHTaX MEXaHi3My IepecyBaHH:
B3ZIOBXK KOHCOJI HPHYaJbHOIO KOHTEHHEPHOro HepeBaHTa-
XKyBaua. 3alMCaHi OCHOBHI PIBHSHHS, IO IOB’SI3YIOTb TATOBE
3YCHIUIA 1 KYT BiIXWJICHHS BaHTAXYy BiJl BEpTHKAJI, HA OCHOBI
AKUX (POPMYEThCS 3aKOH YIPABIIHHS MOMEHTOM IPHBOIHOIO
JIBUTYHa 3a YMOBU HYJbOBOIO BIJXMJIECHHS BaHTaXy Bif
BEPTUKAJl HANPHKIHII €TariB po3roHy i raiasmysanHs. Cdop-
MyJIbOBaHi 0a30Bi INPUHLMIM IH)XXEHEPHOTO MiIXOLY [0
BUPIIICHHS 3aja4i raciHHA KOJMBaHb JOCTYITHHUMH ChOTOJHI
JICHb TEXHIYHUMU MOMJIMBOCTSAMU  4aCTOTHO-KEPOBAHOTO
€JIEKTPOIPHBO/Y, @ TAKOXK JI0 pO3POOKH OCHOBHHUX QJITOPUTMIB
kepyBaHHs VFD B 1iboMy nponeci.

V cTarTi HaBeAEHO PE3YJbTATH MOJIEIIOBAHHS MOBEIiHKH
B PEXHMax pPO3rOHY-TaJIbMYBaHHs JIBOMAacOBOi CHCTEMH
“BI30K-BaHTaX” JUIsl XapaKTEpPHHUX CIIiBBIJHOIICHb MacH BaH-
TaXy Ta IOBXKHUHU KaHATy, sIKi IMiATBEPKYIOTh MOXIIMBICTH
raciHHs KOJIMBAaHb BaHTAXy LIIAXOM 0€3M0CepPEHBOrO YIIpaB-
JIIHHSI MOMEHTOM HIPHBOJIHOIO IBUI'YHa. Mogenb 0a3yeTbcs Ha
peabHUX TeXHIYHUX JaHUX KOHTEHHEPHOro IepeBaHTaKyBaua
Liebherr P-179 L Super.

BasnBoro 0co0IMBICTIO METOAY € BIICYTHICTD IMITYIIbCIB
3HAKO3MIHHOTO MOMEHTY Ha BaJly: MOMEHT X04 i 3MiHIOE 3HaK,
aJe 1ei mporec BigOyBa€eThCs IUIABHO i OBHICTIO KEPOBAaHO, B

TOYHIH BIATIOBIAHOCTI 1O 3aBJAHHA, a IPOLEC PO3TOHY 3
TaciHHSM KOJIUBAaHb € MOBHICTIO KEPOBAHMM, HACIIIKOM HOT0 €
BiJIOBIJTHICTh IIBHIKOCTI Bi3Ka Ta MOMEHTY IBHIYHA [0
3aKJIaJICHUX TEXHOJIOTIYHUX 1 TEXHIYHIX 00OMEKEHb.

Meron € mpocTHM Yy TEXHIuHiM peanizauii: reseparop
KOCHHYCOI1 1 00YHCITIOBaY 3yCHIUISI MOXKYTh OYTH 3aKJIaJeHi B
anropuTMu okpeMoro kepyrodoro PLC pasom 3 anroputmMom
nepemukanHs pexxumiB VFD 3 ynpaBiliHHS MOMEHTOM Ha

crajii pO3roHy-raJlbMyBaHHs Ha aBTOMAarH4Hy cralirizamiro
LIBHMJIKOCTI
LIBHJIKICTIO.
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