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The dynamic model of a long payload motion in vertical plane containing the payload
axis, suspended on two ropes on two co-operating winches is presented in the paper. The
method of mathematical description of the model and its solving method are presented.
The model is preliminary verified by comparison between simulation and experimental
tests of payload oscillations done for immovable position of ropes suspension points. The
results of verification and other simulation tests are presented as well.
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1. Introduction

Rationalization of exploitation process of overhead cranes and greater interest in
safety and reliability, these are issues which become to be important for a payload
transportation systems. Paper [11] is focused on safe transport of the payload from
one point to another one without any damage of devices working under crane or
injury of employees in effective and economical way. It presents payload movements
on high levels (overhead) as one of methods of safe transport. Problems of payload
oscillation and their minimization are described in many papers e.g. [5], [9], [13]
and [20], however authors describe cases of a payload suspended on one point only.
Control systems of overhead cranes with payload sway minimization are shown in
papers [8] and [10]. A lot of papers, for example [14], [17], [18] and [19] present the
dynamic models of laboratory devices simulating operation of overhead cranes as
models of real overhead cranes. However, it is necessary to verify received solutions
by experimental tests using real machine.
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Overhead cranes are typical kind of underactuated systems and such they are
presented in some papers e.g. [2], [15] and [16]. Authors agree, that in cases when
number of system degree of freedom is higher than number of actuators (underactu-
ated systems), analyze of kinematic and dynamic dependencies between a crane and
a payload suspended on cables is necessary to develop the proper system of crane
control. Crane control, proposed in these papers are developed basing on trajectory
planning method, which refers to trajectory of displacement, acceleration, velocity
or even jerk.

One of the methods of control with partially constant jerk called ”cubic spline
trajectory” (CST) is presented in [3] and compared with the method of payload sway
minimization using trapezoidal control function with exactly determined periods of
starting and breaking phases. Effect of payload damping, in case of CST method
is reached accidently in contrary to the second method, which gives good payload
sway minimization in every case by shorter duty cycle.

The most of methods mentioned in literature are presented for planar models of
cranes what means for horizontal transportation, only one of mechanisms (traveling
or traversing) is working. Paper [7] presents method of control of 3D overhead crane
using second-order Sliding Mode Control for both mechanisms to their destination
with reducing payload sway.

There are presented methods of overhead (or gantry) crane control by model
predictive control (MPC) [4] and fuzzy control [12]. Proper operations of these
controllers depend on the description of controlled object (overhead crane with
suspended payload) by planar or 3D models, dependently on control systems.

It is obvious that a description of a tested object is the basis for dynamics
research and a proper control strategies development. To the best of our knowledge,
it is the first description of movement of payload suspended on two ropes system.
The planar model of long payload presented in this paper is the first step to develop
description of its movement in three-dimensional space.

In case of transport of a long payload, usually there are used two overhead cranes
or two hoisting winches, which move in one direction. Such cases of materials
transport take place especially in the stacking yards or in assembly halls, where
large elements or machines are produced, or in the steel industry. This mean of
transport is necessary e.g. in case of element location change during assembly
works or when a long part of a machine is transported to means of transport that
allows its deportation (e.g. flat wagon). Importance of this matter is testified for
example by article [1], where authors write: “Bridge cranes are probably the most
dangerous piece of equipment used to handle long steel products, because even the
crane’s smallest movements are magnified by the long payload”. (..) “Two bridge
cranes working in tandem to handle steel products longer than 80 feet require perfect
communication between the crane operators”. Issues connected with transport such
kind of goods are not recognized.

In order to investigate possibilities to synchronizing the operation of two over-
head cranes transporting one long payload, a model describing the motion of such
kind of payload is needed. The payload is the object possessing determined mass,
moment of inertia and centre of gravity and is suspended on ropes under two over-
head cranes or two hoisting winches. The available literature doesn’t contain in-
formation regarding the modeling of this type of the payload, so there is necessary
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to develop own, verified by experiment and possibly the most useful model. The
verified model of long- payload motion in vertical plane containing the payload axis
is presented below. It can be used for research of a long- payload dynamics for
different suspending conditions and types of input function.

According to safety rules, the simultaneous movements of traveling and travers-
ing mechanisms are not used, so the presented model describes payload motion in
one vertical plane containing the ropes suspension points and payload axis.

2.

Model of the long payload

Assumptions for the model are as follows:

1.

o.

load is treated as rigid rod moving in plane motion in the vertical plane
containing its axis and suspension points of ropes,

. ropes are weightless and have any fixed length (obviously, simultaneous work

of hoisting mechanisms and travelling or traversing mechanisms is forbidden),

wind action on the payload isn’t taken into consideration,

. input function are time runs of horizontal velocities of both ropes suspension

points M and N (control functions),

velocities of these points don’t have to be equal.

Dynamic model of long payload movement presents Fig. 1.
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Figure 1 Dynamic model of long payload movement
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In the model the following markings are assumed.
Parameters of the model:
b [m] — distance between payload suspension points A and B along the payload axis,
b1 [m] — distance from right payload suspension point A to centre of the mass C,
by [m] — distance from left payload suspension point B to centre of the mass C,
ymn|[m] — vertical distance between suspension points M and N,
Iy, Iz [m] — lengths of ropes,
m [kg] — mass of the long payload,
Control variables:

vy [m/s] — determined horizontal velocity of suspension point M,

vy [m/s] — determined horizontal velocity of suspension point N,

apy [m/s?] - determined acceleration of suspension point M (ap = 22),

ay [m/s?] - determined acceleration of suspension point N (ay = 94X,

z [m] - horizontal distance between points M and N (4 = vy, — vy).
Other variables:

©1, w2 [rad] — angles of ropes inclination,

w1, wa [1/8] — angular velocities of ropes,

€1, €2 [1/s?] — angular accelerations of ropes,

a [rad] — angle of payload rotation,

w [1/s] — angular velocity of payload,

¢ [1/s?] — angular acceleration of payload,

S1 [N] — force stretching right rope,

Sy [N] — force stretching left rope.
The model presented in Figure 1, makes possible to prescribe velocities, positions
and accelerations of every element of the system as function of control variables,
angular velocity w; and rope inclination angle ;.

2.1. Dependences of angles p,, o on angle ¢,

The angle ¢; is known as a state variable, the control variable x is known from
definition as input signal. They determine completely position of payload. The an-
gles w9 and « are necessary for further calculations. The geometrical dependences,
taken from model presented in figure 1, can be used.

Angle 01 can be determined from MNO triangle:

Ymn

d = arctan 0+01+pr=m — 0 =7—(p1+9) (1)

Angle 02 can be determined from MAN triangle:
2=124+ MN?—-21,MN cosdy  MN?* =224y MN= /22412, (2)

>+ MN? -3

i=0+MN?—-2IMN =
=107+ IMN cos 621 Cos 021 ST da1 (3)
Dependences from triangle NAB allow to calculate angles 22 and :
12 l2 _ b2
b2 = 12 + lg — 2”2 COS 522 COS 622 = L — 522 (4)

21y
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b2 l2 _ l2

12 =b% + 12 — 2bly cos B cos B = Ll Jé) (5)

2bly

For angle apex N the following dependences can be written:
0 T

02 = 021 + 022 5—5-#52—902:5 - p2=02—90 (6)

The dependences for apex B allow to calculate angle a:
5+¢2+a:g a:g*ﬂJr(;f(sQ (7)

2.2. Dependences of angular velocities ws, w on angular velocity w1 .

The angular velocity w; and the angle ¢, are known as a state variable, the angles
2 and « can be determined (chapter 2.1), the control variables v,,, v, x are known
from definition as input signal. They let determine residual angular velocities: w
and wo.

Velocities of payload suspension points A and B can be expressed respectively
as vector sums of ropes suspension points M and N velocities and relative velocities
of points A and B to points M and N. Similarly, velocities of points A and B can
be expressed respectively as vector sums of gravity centre C velocity and relative
velocities of points A and B to it. The vector equations are projected on horizontal
axis x and vertical one y.

Velocity of point A:

VA = Vo +Vac VAz = Vogr — iwsina (8)
Vay = Ucy + biw cos o (9)
VA =0p + UamVaz = vm + liwi cos @y (10)
Vay = — liws sin gy (11)
After comparison of right sides of equations (8), (10) and (9), (11):
Vog — biwsina = vy + 1wy cos @1 (12)
Voy + bhiwcosa = — ljw; singy (13)
Velocity of point B:
U = Uc + UpcVUBz = Vcg + bowsin o (14)
VUBy = Ucy — baw cos v (15)
U = UN + UBNVUBz = UN + laws cOS ©v2 (16)
By = — lawa sin o (17)
After comparison of right sides of equations (14), (16) and (15), (17):
Vog + bow sin e = vy + laws €os o (18)

Vey — baw cos o = — lawy sin g (19)
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After multiplication the equation (18) by sin 2 and equation (19) by cos 2 and
after addition left and right sides angular velocity ws can be eliminated.
Ve SIN Qo + Voy €0S P2 — baw cos (2 + ) = v sin o (20)
From (12) and (13) respectively velocities vc, and vey, can be determined.
Voz = Upr + liw cos o1 + biwsin (21)
Voy = — lhiw sing; — bijwcos (22)

After multiplication the equation (21) by sin 2 and equation (19) by cos @2 and
after addition left and right sides.

Vo SN P2 + Voy COS o = U sin o — Liws sin (1 — 2) — biwcos (w2 + )  (23)
After replacing (23) to (20):

v sin o — liwy sin (@1 — @2) — biw cos (w2 + ) — bow cos (w2 + @) (24)
= VN Sin g

After ordering:
(var — vn) sin g — liwy sin (o1 — @2) = bw cos (p2 + @) (25)
From dependence (25) angular velocity w can be calculated

" (var — ) sin g — liwy sin (@1 — @2) (26)
bcos (p2 + )

Using the theorem about projection velocities of two points (A and B) of rigid body
on straight line connecting these point.

VAz COS QL+ VAy SIN L = VB, COS O + URy SiN @ (27)

The equations (10) and (16) can be multiplied by cos «, equations (11) and (17) by
sin a.
VAg COSQ = Vg COS (¢ + 1w COS 1 COS

Vay Sina = — ljwy sin g sina
VB COSQ = U COS & + laws COS (pg COS v
VBy Sin o = — lowy sin g sin o

Formulas (28), (29), 30), (31) can be used in (27):

Vs cos o+ ljwi cos pycos o — ljwysin g sin «

= UN COS ¢+ laws €OS Py Ccos a — lawesin wosin « (32)
After ordering:
vpg cos v + lqwy cos (1 + @) = vy cos a + laws cos (2 + @) (33)
From (33) the angular velocity ws can be calculated.
g — (vpr —vn) cos a+ liwy cos (@1 + @) (34)

lacos (p2 + )
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2.3. Dependences of angular acceleration €, on angular velocities w1,
wy and w.

The angular velocity w; and the angle ¢, are known as a state variable, the angles
2 and « can be determined (chapter 2.1), the angular velocities wy and w can be
determined (chapter 2.2), the control variables vas, v, apr, an, X are known from
definition. They let determine demanded angular acceleration €; as derivative wy
in relation to time t (dwy/dt).

Accelerations of payload suspension points A and B can be expressed respec-
tively as vector sums of ropes suspension points M and N accelerations and relative
accelerations (tangent and normal) of points A and B to points M and N. Simi-
larly, accelerations of points A and B can be expressed respectively as vector sums
of gravity centre C acceleration and relative accelerations (tangent and normal) of
points A and B to it. The vector equations are projected on horizontal axis x and
vertical one y.

Acceleration of point A:

G =ac + ayo +a4caar = acy — biesin a — biw? cos a (35)
Ay = Gcy + biecos o — biw?sin « (36)

aa = apr + a'yyy + @ a4z = anr + g1 cos @1 + llw% sin 1 (37)
agy = — liersin o1 + liw? cos @1 (38)

After comparison of right sides equations (35), (37) and (37), (38):
acy — biesin a — biw?cos a = ay + 111 cos pp + Lwisin o (39)

acy + biecos a — biw?sin o = — lieg sin @1 + llwf cos 1 (40)

Acceleration of point B:

ap = ac + Glgo + @'hcape = Gce + baesin a4 bow? cos « (41)
apy = acy — baecos o + bow? sin « (42)

ap =aN + apN + G5NaBz = an + l2e3 cOS @2 + 12w§ sin o (43)
apy = — laeasin po + lgwg coS g (44)

After comparison of right sides equations (41), (43) and (42), (44):
Ao + boesin o+ bow? cos o = an + lagg cos @ + lgwg sin o (45)

acy — baecos o+ bow? sin @ = — laggsin @y + lows cos o (46)

After multiplication the equation (45) by sin (9 and equation (46) by cos 2 and
after addition left and right sides angular acceleration e, is eliminated.

Ace Sin Yo + acy €os Yo — baecos (w2 + a) + bow? sin (2 + )

=aysin g + 12w§ (47)
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From (39) and (40) respectively accelerations ac, and ac, can be determined.
acey = ap + 111 cos o1 + llwf sin @1 + biesin a + byw? cos a (48)

acy = — liersin @1 + llwf cos 1 —bjecos a+ biw?sin « (49)

After multiplication the equation (48) by sin 2 and equation (49) by cos 2 and
after addition left and right sides the equation can be adapted to equation (47).

acg sin P2 + acy cos P2
= aprsin @o — liersin (@1 — o) + Liw? cos (o1 — @2) (50)
—biecos (2 + )+ biw?sin (2 + )

Formula (50) can be used in (47):

ay sin oy — liepsin (o1 — @) + l1w? cos (1 — 2)
—biecos (2 + )+ biw?sin (2 + )

—baecos (p2 + ) + baw? sin (2 + )

=aysin s + lgwg

After ordering;:

(ap —an)sin o — liersin (o1 — p2) +
+liw? cos (o1 — 2) + bw?sin (ps + ) — law3 (52)
=becos (p2+ )

From (52) the angular acceleration € can be calculated (e depends on 7).

(arr —an)sin o —liegsin (o1 — @2) + hwi cos (p1 — @2)
beos (g2 + )

(53)
bw?sin (g9 + ) — low?
beos (2 + @)

The Newton law for payload motion can be determined. The vector equation of
motion can be projected on horizontal axis x and vertical axis y.

ma = 51 + So +mg M, = S18in @1 + S2 8in g (54)
Maey = S1 €08 1 + S cos pa —myg (55)
Ice = S1bycos (1 4+ @) — Sabycos (w2 + @) (56)

After multiplication (54) by cos 2 and (55) by sin o and after subtraction left
and right sides the force Sy can be eliminated.

M (Geg COS P2 — Aey Sin o) = S1sin (w1 — 2) + mgsin 9 (57)

After multiplication (54) by cos ¢1 and (55) by sin ¢; and after subtraction left
and right sides the force S; can be eliminated.

M (Gey COS 1 — Aey Sin 1) = — Sesin (1 — w2) + mgsin ¢, (58)
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From (57) and (58) respectively forces S; and Sy can be determined.

S, = m (Gey COS apgs'— ey ST ©2) —mgsin @y (59)
in (p1 — p2)

m (Qey COS 1 — Gy SID ©1) —mgsin @1

Sy = — - 60
’ sin (1 — ¢2) ()
The dependences (59) and (60) can be used in (56).
ICE<: - — %s@_na?fa?;;ff),_mg =22by cos (g1 + @) (61)
4 T0em OOF A1 Efpl_wf)l 928 PLhy cos (g2 + )

Using formulas (48) and (49) the expressions in brackets in (48) can be deter-
mined.

After multiplication (48) and (49) respectively by cos @2 and sin ¢; and after
subtraction left and right sides:

aCgz COS P2 — Aoy sin o =
= ap cos o+ liegcos (o1 — p2) + liwisin (o1 — p2) (62)
+biesin (2 + a) + biw? cos (g2 + @)

After multiplication (48) and (49) respectively by cos ¢1 and sin ¢; and after
subtraction left and right sides:

ACy COS P — Aoy Sin @y (63)
an cos @1+ liey +biesin (o1 + a) + bjw? cos (o1 + @)

Using formulas (62) and (63) in (61):

m(aM cos pa+lieq cos (Lpl—<p2)+l1wf sin (Lpl—apg))
IC'E = g
S (p1=93)

m(b15 sin (pa4a)+biw? cos (Lp2+o¢))
sin (1 —¢2)

+

} by cos (p1 + @)

~5in (1)1 €08 (91 + @) (64)
+ m(an cos p1+lie1+biesin (¢1+a))
sin (p1—¢2)
biw? cos (p1+
PRl [ b cos (2 +a)
mgsin ¢

T Sin (p1—p3)

by cos (p2 + )

The second dependence between angular accelerations € and ¢; is determined.

After using (53) in (64) and ordering, the equation with one unknown €; is formu-
lated.
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L2 5in (@1 — @2)sin (1 — ¢2)
+bby cos (p1 — @2)cos (p1 + a)cos (2 + @)

—lie1 | —b?sin (p1 — @2)cos (o1 + a)sin (o2 + @)
+bby cos (p2 + a)cos (g2 + )

—bibasin (1 — p2)sin (1 + @) cos (w2 + @)

B by cos (¢1 + @) cos (2 + a)cos s

+ba cos 1 cos (w2 + a)cos (p2 + )
%CL sin (1 — @2)sin 9
—(ap —an) | —b2cos (o1 + a)sin (o + a)sin o
—bibysin (p1 + ) cos (g2 +a)sin @y |

12 sin (g1 —p2)cos (o1 — p2)

—bby sin (o1 — p2)cos (1 + a)cos (p2 + a) (65)

—b?cos (1 — pa2)cos (o1 + a)sin (2 + )

—bibycos (p1 — p2)sin (1 + a)cos (p2 +a) |

Lo sin (g1 —2) — bIcos (o1 +a)sin (g2 + )

—bibysin (¢1 + @) cos (g2 + @)

< sin (g1 — o) sin (2 + )

"% cos (1 +a)sin (g +a)sin (g3 +a)

—bw? | —b?cos (o1 +a)cos (g +a)cos (o2 + a)
—bybasin (g1 + a)sin (w2 + @) cos (@2 + a)
—bybacos (1 + a)cos (pa + a) cos (g2 + a)

—gb[by cos (p1 + ) sin g cos (p2 + @)

+bosin g cos (w2 + ) cos (p2 + )]

2
—llwl

—|—l2w%

For simplification there is comfortably to introduce the following new coefficients:

Lo sin (o1 — @2)sin (p1 — p2)
+bby cos (@1 — p2)cos (p1 + a)cos (p2 + @)
E= —I | —b?sin (o1 — @2)cos (p1 +a)sin (p2 + ) (66)
+bby cos (2 + @) cos (2 + @)
—bibasin (1 — @2)sin (p1 + a)cos (g2 + @)

by cos (p1 + a)cos (2 + a)cos o }

AM = b
{ +bacos i1 cos (p2 4+ a)cos (p2 + @)

(67)

AMN — — %C sin (1 — o) sin o — b? cos (1 + a) sin (2 + a) sin o (68)
—b1be sin (p1 + @) cos (p2 + @) sin ps

% sin (1 — p2) cos (p1 — p2)

—bby sin (1 — p2)cos (p1 + @) cos (p2 + @) (69)

—b2cos (p1 — p2)cos (o1 +a)sin (o2 + @)

—b1bacos (1 — @2)sin (p1 + a)cos (p2 + )

Ql= -1

%C sin (1 —@2) — b¥cos (¢1 + a)sin (g2 + @) ] (70)

2= 1 [ —bibosin (g1 + ) cos (2 + )
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< sin (g1 — o) sin (2 + @)
—b?cos (¢1 + a)sin (g2 + a)sin (g2 + @)
Q= —b| —b?cos (1 +a)cos (p2+ a)cos (2 + ) (71)
—bibosin (¢1 + ) sin (w2 + ) cos (p2 + )
—b1bacos (1 + a)cos (p2 + a) cos (pa + )

by cos (¢1 + @) sin @y cos (¢2 + @)
= —qgb . 2
G g +bosin g cos (w2 + a)cos (p2 + @) (72)

Angular acceleration €1 can be determined as follows:

Eey = AMap + AMN (apy — an) + Qlw? + Q2ws + Qw? +G (73)

_ AMap + AMN (ap —an) +Qlw? +Q2w3 +Qw? +G

€1 E

2.4. Mathematical description of the system

2

All factors and variables in formula (74) describing e, = ddtﬁl = ¢ are depen-
dent only on angle 1, angular velocity w; = % = ¢1 and input control signals

u = [var, Vi, au, an, X| so mathematical description of the system can be presented
in general form:

1= f (o1, ¢1, 0) (75)

However, authors prefer other form of mathematical description of the system
called the state variables space notation. It demands to determine the state variables
connected with the system and describing its behaviour. For the described model
the angular velocity of rope 1 w; and angle of rope 1 inclination ¢; are chosen as
the state variables. The mathematical description in space of state variables has
form of first order differential equations system:

dwy _ AMapy+AMN (ap—an) +Qlw% +92w§ +Qw? +G

dt = B (76)
déptl — _U-)]
In general:
dUJ1 —
dcgl fl (w17 P1, U.) (77)

ar f2 (w1, 1, 1)

The equations are solved by numerical method of integration — Euler method
where initial conditions are defined dependently on the initial state of the system.
To solve this model the special program written in the integrated development
environment based on Free Pascal compiler is developed.

Although, the right side of first equation in (76), (77) is relatively complicated
the modern computers calculate them very quickly.
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3. Model verification

To experimental verification of the long payload model, the overhead crane (span 10
m and hoisting capacity 5t) and jib crane (range 6m and hoisting capacity 500 kg)
are used. Both devices and example long payload (crane boom) are presented in
Fig. 2.

Figure 2 Location of devices used for verification

Schema of stand for model verification is presented in Fig. 2.

Both devices are equipped with potentiometric measurement systems of payload
sway, using one-rotational potentiometers connected by joints with sliding clamps
cooperating with ropes. These systems ensure independent measurement of pay-
load sway in directions of respectively luffing and slewing and bridge and carriage
movements.

Strength meter (range to 500 N) allows register the initial horizontal force the
payload is unbalanced with.

The verification is carried out by immovable both rope suspension points what
allows record demanded parameters without disturbances such as inaccurate map-
ping of speed by drive systems of the overhead crane and jib crane.

For comparison the real and simulated values the payload is deflected from the
equilibrium position and oscillations of the payload are recorded.
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Figure 3 Schema of stand for long payload model verification

Parameters of the stand are:

l1 , lo — rope lengths suspended respectively under jib crane and overhead crane,

b1, b — location of the centre of gravity C of investigated girder,
m — mass of the girder.

The following output variables are registered:

(1 — angle of jib crane ropes sway in luffing direction,

2 — angle of overhead crane ropes sway in bridge motion direction,

PA — initial horizontal force that makes payload outbalanced.

On the basis of time runs of 1 and ¢y the runs of wi, ws, @ and w can be calculated:
wy — angular velocity of jib crane ropes in vertical plane including payload axis,
wo — angular velocity of overhead crane ropes in vertical plane including payload

axis,

w — angle of payload rotation in vertical plane,

«a — angular velocity of payload rotation in vertical plane.

Verification of the model takes place during the cycle (130 s duration) of free
oscillations (velocities of ropes suspension points M and N are equal zero) of the
system with different lengths of ropes (different levels of payload suspension). Pre-
sented waveforms are average ones values from measured series, whereas theoretical
runs are the response to the identical input control signals as in real system. The
angles and velocities described above are compared to verify the model.

Indexes “s” and “e” mean respectively simulation and experimental runs. Ex-

ampled waveforms for the lowest level of payload suspension are presented in Figs.
4, 5 and 6.

The momentary deviations of each values calculated as the difference between
the measured values and simulation ones are determined as well.

Aw = Wpom —ws  [rad/s] (78)

Aw = Wpom, —ws ] (79)
Aa = apom — a5 [°] (80)
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Figure 4 Comparison of simulation and experimental runs of angle ¢1, velocity w1 and deviations
Ay, and Aw;

* 15

Figure 5 Comparison of simulation and experimental runs of angle @2, velocity wo and deviations
Apy and Awg

These research show high compatibility of the model with real system, both in
the range of the vibration frequency and the amplitude of each variable. To proof
this, the comparison of each angle waveform at the beginning and in the end of the
cycle is presented in Figs. 7 and 8.
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Figure 7 Comparison of simulation and experimental runs of angles «, ¢1 and 2 at the beginning
of the cycle

Coefficients of model accuracy for each value are introduced and defined below:

I |Al
Ww=—1™m" —100% (81)

Tmax — Tmin
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Figure 8 Comparison of simulation and experimental runs of angles «, ¢1 and g2 in the end of
the cycle

where:

x — compared values,

n — number of samples in one measuring cycle.
Coefficients calculated according to formula above have values of a few (1,36 - 6,76)
percent dependently on different levels of payload suspension.

4. Simulation tests

The presented model, its solution and verification provides the basis for its using in
the future research of dynamics and methods of generation of an input functions to
reach desirable operational effects e.g. possibilities of fast transport of long payload
with its sway damping. Preliminary simulation studies of long payload for different
control functions vy, (t) and vy (t) of suspension points to determine the behavior
of the payload subjected to various inputs have already been performed.

Due to possibilities of different displacements of suspension points the value of
displacement differences is introduced and calculated as follows:

Az:SM—SN (82)

where:

A, [m] — difference between displacements of suspension points M and N,

sy [m] — horizontal displacement of point M

sy [m] — horizontal displacement of point N

The chosen waveforms for different times of acceleration and deceleration phases
of points M and N are presented in Fig. 9. The velocities of points M and N are
not equal and different from zero. The accelerations of points M and N are different
during acceleration and deceleration phases. The different values (during duty cycle)
of the angles ¢ i @9 are visible. The angle « is different to zero. It is caused by
different ropes length.
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Figure 9 Results of simulation tests for different acceleration and deceleration times
and N. The case of different ropes length
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Figure 10 Results of simulation tests for different displacements of points M and N

The results of simulation tests for different displacements of points M and N,
respectively s); = 64 m and sy = 5,8 m in case of equal ropes length (I; = lo = 5m)
are presented in Fig. 10. At the end of the cycle, the angles of ropes are different
and stabilize on levels depending on centre of the gravity location C, defined by

parameters by and bs.

Fig. 11 shows one of tested methods of payload oscillation minimization when
the times of acceleration and deceleration phases are calculated near periods of
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oscillations of mathematical pendulum (¢, = ¢, = 4,5 s) with length equal length
of ropes I = I3 = 5 m. This method is based on method described in [6] and used
for sway minimization of payload suspended on one point.

0,06 T06
21, 2 2[rad] Vi, v [m/s]]
0,05 X[ 05
Ex[m]
0,04 T o0a
0,03 03
Vn
0,02 22 02
vm
0,01 01

0,03 03
0,04 04
0,05 05
-0,06 L -06

Figure 11 Results of simulation tests for different acceleration and deceleration times of points
N and M. The case of equal ropes length

)1, ) 2[rad] vm,vn [m/s]
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0,03 l\/ A N / VN Lo
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-0,03 T -03
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Figure 12 Results of simulation tests for minimum acceleration and deceleration times of points
M and N. The case of different ropes length

In this case oscillations at the end of duty cycle are smaller than one centimeter. For
comparison when the times of acceleration and deceleration phases are t,, =t, = 3's
amplitude of oscillations at the end of cycle reaches 15 cm.
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Figures 12 and 13 confirm usefulness of method of sway minimization basing on
trapezoidal function. Figure 12 shows case of long payload suspended on ropes with
different lengths when the times of acceleration and deceleration are minimal due
to the absence of slip. Figure 13 presents the same object controlled by velocities
of points M and N with acceleration and deceleration times equal the average of
periods of oscillations of mathematical pendulums with lengths /; and Is.

) 1, ) 2 [rad] v, v [m/s]
0,05 )x[st] +

-0,06 L.os

Figure 13 Results of simulation tests for acceleration and deceleration times of points M and N
equal the average of periods of oscillations of mathematical pendulums with lengths /7 and l3. The
case of different ropes length

Comparison of payload sway angles at the end of the duty cycle shows minimizing
of payload swaying about 85% in case presented in figure 13 with respect to case in
Fig. 12. The time of duty cycle in figure 13 is less then 2 seconds longer than the
shortest one (Fig. 12).

5. Conclusions

The model of long payload suspended on two points in one vertical plane is pre-
sented. The model describes the most often way of long payload transport. The
preliminary experimental verification gives satisfactory results. The model is easy
to solve and let realize necessary simulation tests. Preliminary tests of the described
model show possibilities of using different control functions for better payload trans-
port. It is planned to apply the modified method of trapezoidal and other more
complex input functions to control a long payload movement with sway limitation.
The trapezoidal function used for payload swing minimization is described in [6]
and [3].

The next planned steps are: to develop methods of payload oscillation mini-
mization, to develop the model of long payload motion to three-dimensional space.
It let develop the system which allows transport long payload fast, safe and without
oscillations.
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