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Optimisation of start-up power mode of rotation mechanism
of manipulator crane with a cylindrical articulated load suspension

Abstract. The study deals with the problem of improving the efficiency of the manipulator crane by selecting the
driving modes of the rotary mechanism drive during the start-up process. When manipulator cranes operate in areas of
transients, significant dynamic loads occur, which lead to swinging of the load on the articulated suspension. This leads to
a decrease in the productivity and reliability of the crane manipulator and an increase in the energy consumption of the
rotary mechanism drive. It is proposed to reduce dynamic loads during the operation of the turning mechanism in the areas
of transients (starting, braking) of the manipulator crane by optimising the driving mode of the drive mechanism. In this
case, the manipulator crane is presented in the form of a two-mass dynamic model, where the first mass is the rotary part of
the manipulator crane with a drive mechanism, and the second mass is a load on a cylindrical hinge suspension. The purpose
of the study is to improve the efficiency of the crane manipulator by optimising the starting mode of the turning mechanism.
The methodology is optimal driving modes of crane mechanisms, which minimise the effect of dynamic loads, and provide
for optimisation criteria based on the RMS values of the driving forces of the drives. The developed dynamic model
allowed constructing a mathematical model described by a system of nonlinear differential equations. Optimisation of
the movement mode of the crane manipulator rotation mechanism is carried out by minimising the integral dynamic criterion,
which is the RMS value of the driving torque of the drive during the transition process. As a result of the optimisation carried out,
the starting mode of the crane manipulator rotation mechanism is found, which minimises power loads and load fluctuations
on the articulated suspension in the radial direction. The resulting optimal starting mode of the turning mechanism
allowed increasing the productivity and reliability of the manipulator crane, and reducing the energy costs of the drive
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INTRODUCTION

During the operation of the manipulator crane rota-
tion mechanism, dynamic loads occur in the drive elements,
which lead to the rocking of the load on the hinge suspen-
sion and, as a result, reduce the productivity and reliability
of the manipulator, and increase energy costs. These loads
are especially dangerous during the transition processes
of starting and braking the turning mechanism, when the
driving or braking forces rarely increase or decrease. At this
time, both high-frequency vibrations of the drive elements
and low-frequency vibrations of the load on the articulated
suspension are generated.

Suggested Citation:

It is possible to reduce dynamic loads in the drive ele-
ments and the manipulator structure by selecting a favour-
able mode of movement of the drive rotation mechanism
during transients. The most effective method for choos-
ing a favourable mode of movement of the crane manip-
ulator rotation mechanism is methods for optimising
driving modes and, in particular, variational methods.
Therefore, it is advisable to optimise the rotation mode of
the manipulator crane according to the selected criterion.
Since power loads are the most dangerous for a manipu-
lator crane, the optimisation criterion should reflect these
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loads. This criterion can be the RMS value of the driving
torque of the turning mechanism during start-up or braking.
Minimising the selected criterion would reveal the mode
of movement of the manipulator crane rotation mecha-
nism in the start-up and braking areas, which reduces the
power loads on the elements of the manipulator crane.

The efficiency of using manipulator cranes is deter-
mined by their performance, reliability, and safety of oper-
ation. The main factor determining these characteristics of
the manipulator crane is the dynamic loads that occur in its
links and drive mechanisms [1]. These loads become espe-
cially dangerous during transients (start-up, braking) [2; 3].
Dynamic loads largely depend on the control system of the
drive mechanisms of the manipulator crane [4; 5]. Dynamic
loads significantly increase when combining the work-
ing movements of the manipulator crane mechanisms [6;
7]. Especially dangerous is the combination of movements
of the rotation mechanism and the movement of the boom
system links in the process of changing the departure, where
loads increase by two or more times [8]. In [9], it was found
that a slight decrease in dynamic loads during the passage
of transients significantly improves the reliability indica-
tors of manipulator cranes. In addition, dynamic loads have
a significant impact on the accuracy of load positioning [10].
Dynamic loads can be reduced by using the fundamental
principles of mechanics, based on which methods for opti-
mising manipulators are built [11]. To find the optimal laws
of motion of crane mechanisms, mathematical methods
were used, where extreme values of control criteria were
found [10; 12]. Optimal driving modes of crane mechanisms,
which minimise the effect of dynamic loads, are given in [12;
13], where the RMS values of the driving forces of the drives
were selected as optimisation criteria. An example of opti-
mising the modes of joint movement of crane mechanisms
is found in study [14], which considers the movement of the
departure and turn movement mechanism. When solving
problems of optimising the mode of movement of the rota-
tion mechanism, deviations from the vertical suspension of
the load in the radial direction (plane of departure change)
occur, which are ignored in the studies [14; 15]. At the same
time, these suspension deviations have a certain impact on
the dynamics of turning the manipulator crane and they must
be considered when optimising the power mode of turning.
Optimal modes of movement of crane mechanisms should
be adapted to the operating conditions of cranes [16; 17].

Increase the efficiency of the crane manipulator
by optimising the start mode of the rotation mechanism.
To achieve this goal, it is necessary to develop a mathe-
matical model of the dynamics of the rotation mechanism
of the manipulator crane, choose a criterion for optimis-
ing the dynamics of the rotation mechanism, optimise the
start mode, and analyse the optimisation results obtained.

RESULTS AND DISCUSSION
To optimise the movement mode of the manipulator crane
rotation mechanism, a dynamic model has been developed,
which is shown in Figure 1. In this figure, the following des-
ignations are used: 1 - rotary part of the manipulator with

a drive mechanism; 2 - articulated boom system; 3 - cylin-
drical hinged cargo suspension; 4 — load. When the boom
system of the manipulator is rotated, all links rotate around
the fixed axis of the rotary part, and the suspension 3 and
load 4 additionally deviate from the vertical in the plane of
change of departure (radial direction). Based on the design
of the cylindrical hinge A of the load suspension, the latter
can deviate from the vertical only in the radial direction
when turning the manipulator crane. There are no devia-
tions from the vertical of suspension 3 and load 4 in the
plane of rotation of manipulator, since they are blocked by
hinge A. When constructing a dynamic model, it is assumed
that all the links of the crane manipulator are absolutely
solid bodies, and there are no gaps in kinematic pairs. Rotation
of the manipulator crane is carried out by a drive mechanism
with a driving torque M.

Based on the above, it can be stated that the pre-
sented dynamic model of the crane manipulator has two

Figure 1. Dynamic model of turning a manipulator crane
with cylindrical articulated load suspension

degrees of freedom: rotation of the entire system around
a fixed vertical axis and deviation from the vertical of the
hinge suspension with a load in the radial direction (plane
of change in the departure of the load). The angular coor-
dinate ¢ of the rotation mechanism and the linear horizon-
tal coordinate of the centre of mass of the load in the radial
direction X are selected as the generalised coordinates of
the dynamic model when turning the manipulator crane.
To construct a mathematical model of the dynamics
of rotation of a manipulator crane with a dynamic model
(Fig. 1), the Lagrange equation of the second kind is used:
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where: t — time; T, P — kinetic and potential energy of the
system, respectively; M — driving moment of the rota-
tion mechanism drive reduced to the axis of the rotary part
of the manipulator.

The expression of the kinetic energy of the system,
ignoring the weight of the load suspension, has the following
form:
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where: I, - moment of inertia of the rotary part of the
manipulator relative to its own axis of rotation; m — weight
of the load with the gripper.

The required derivatives of expression (2) are used
for the system of equations (1):
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The dependence of the potential energy of the system
is found

[T=mgy=mgH(1-cos9), 5)
where: g — acceleration of gravity; H — height of the position
of the centre of mass of the load relative to the boom joint;
Y —angular coordinate of the suspension deviation from the
vertical in the plane of departure change, determined by the
following dependence:

9=(x-x, )/H. (6)
where: x, - initial coordinate of the position of the centre
of mass of the load.

The partial derivatives of expression (5) is taken from
the generalised coordinates ¢ and X, considering that y<12°
and assuming that sinv = U, and cosv =~ 1, as a result:

o1 on a9 . mg
90 = O;E = mgHasmS ~mghd = F(x —x,). (7)

Substituting dependencies (3), (4), and (7) in system
(1), a mathematical model of the dynamics of rotation of
a crane manipulator with a load is obtained, which has the
following form:

Iy + mx?®)@ + 2mxxp = M;
mx — mx(,o2 = @(x — Xg).
H ®)

A system of two second-order differential equations
(8) is reduced to one fourth-order differential equation. To
do this, from the second equation of system (8), the angular
velocity of the rotating part of the manipulator is expressed
in terms of the horizontal coordinates of the load and its
time derivatives:

. lg 1/, gh
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Taking the time derivative of expression (9), the angular

acceleration of the rotary part of the manipulator is found

. 1k —i(t — ghy/H)

?=2 X2 (10)

Substituting expressions (9) and (10) into the first

equation of system (8), the dependence of the driving moment

of the rotation mechanism drive on the coordinate of the

centre of mass of the load and its time derivatives are
obtained . i (x B % xo)
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To optimise the driving mode during the start-up of
the turning mechanism, the RMS value of the driving moment
is chosen as a criterion, which is presented in the form of
intelligent functionality

1 ty 1/2
M, = —f M2dt (12)
i
0
which must be minimised when ensuring the following
boundary traffic conditions:

t=0ix=x,%=0,¢=0,¢ =0;
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where: t, - duration of the process of starting the rota-
tion mechanism of the crane manipulator; o — steady-state
angular velocity of the rotation mechanism.

Using dependencies (9) and (10), the boundary con-
ditions (13) is reduced to the coordinate of the mass centre
of the cargo X and its time derivatives. After that:

t=0:x=x,,%=0,%=0%=0;
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The obtained optimisation problem (12) and (14)
cannot be solved analytically, since the integrative expres-
sion of the functional (12) is a nonlinear function of the
coordinate, velocity, acceleration, and jerk of the load move-
ment in the plane of departure change. Therefore, an
approximate method can be used for solving the optimisa-
tion problem of determining the power mode of starting the
rotation mechanism of the manipulator crane.

The essence of this method [18] is that the solution
of the optimisation problem is sought on a class of mul-
tiparametric functions that satisfy the given boundary con-
ditions and provide a minimum of the criterion represented
as an integral functional. In this form, the solution of the
optimisation problem is represented as the solution of the
following boundary value problem

L(x)=0
t=0:x=x3,%x=0,%¥=0,X=0;
t=1t/2:x=x(t1/2),% = x(t,/2);

__ %o
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(15)
t=t;:x = x=0,X¥=0Xx=0.

Where L(x) — operator that depends on the func-
tion x(t). The solution of the above problem (15) has two
unknown parameters x(t,/2) and x(t /2). In the given bound-
ary value problem, the operator L(x) can be represented by
a differential equation of different orders. The operator is
used as an ordinary tenth-order differential equation L(x).

As a result of solving the boundary value problem (15),
an expression of criterion (12) is developed in the form of
a functional that does not depend linearly on the parame-
ters x(t,/2) and X(t,/2) and it seems to be such a functional
dependency:

C=Cr(xt /2),x(t,/2,t,) (16)

Values of parameters x(t,/2) and x(t,/2) are found, for
which criterion (12) takes the smallest value when providing
the boundary conditions (14). To solve this problem, a modi-
fied metaheuristic method for swarming ME-PSO particles
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was used [19]. This method does not require continuity
and differentiation of the functions on which criterion (12)
depends, and also does not impose additional conditions
on the optimisation problem. After constructing the func-
tional dependency (16), the Me-PSO method can be used to
find the optimal values of unknown parameters x(t,/2) and
X%(t,/2). When solving this problem, the following parameters
of the ME-PSO method are accepted: the permissible rate of
reduction of the AR=0.005 criterion; the swarm population —
50; the number of iterations — 40 (Fig. 2). The given parame-
ters of the method allowed effectively using computational
resources to obtain a solution to the optimisation problem.
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Figure 2. Graph of changes in the C, criterion during
the optimisation procedure (depending on the
i-th iteration number)

Calculations were made for the rotation mechanism
of the manipulator crane with the following parameters:
m=500 kg; 1,=3,200 kg-m?; x,;=5.5 m; H=1.5 m; g=9.81 m/s?;
t,=2.0 s; ®=0.42deg/s.

Figure 3-Figure 9 show the graphical dependences
of the kinematic, power, and energy characteristics of the
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Figure 3. Graph of movement of the centre of mass

of the load in the radial direction
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Figure 4. Graph of the velocity of the centre of mass

of the load in the radial direction

Figure 3-Figure 5 show graphs of the kinematic char-
acteristics of the movement of the centre of mass of the load
in the radial direction. The movement of the centre of mass
of the load (Fig. 3) has a smooth change character without
fluctuations, which is close to the S-shaped law of motion.
At the same time, at the beginning of the movement for
one second, the movement of the centre of mass of the load
in the radial direction was practically absent, and then it
began to grow smoothly. The greatest increase in move-
ment is observed in the section from two to four seconds,
and then it begins to gradually decrease and at the end of
the movement for 0.5 seconds remains almost unchanged.
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Figure 5. Graph of acceleration of the centre of mass
of the load in the radial direction
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Figure 6. Graph of acceleration of the centre of mass
of the load in the radial direction
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Figure 7. Graph of the angular velocity of the rotary part
of the manipulator crane

This mode of moving the load in the radial direction
is the most appropriate, since when entering the steady-
state mode of movement, there will be no fluctuations of
the load in the radial direction.

The change in the load velocity in the radial direc-
tion (Fig. 4) also has a smooth change character without
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fluctuations. Here, the speed of movement of the load grad-
ually increases to the maximum value, which is provided at
the third second of movement, and then gradually decreases
to zero. The presence at the end of the start-up of a sta-
ble value of cargo movement and zero speed confirms the
absence of fluctuations in the load in the radial direction
during the steady-state mode of rotation of the manipula-
tor crane. The acceleration of the load in the radial direc-
tion (Fig. 5) also changes smoothly, increasing from zero to
the maximum, and then decreasing to the minimum nega-
tive value and gradually increasing from it to zero.

The dynamic component of the driving torque of
the manipulator rotation mechanism (Fig. 6) changes from
the initial, almost maximum, to the final zero value in the
presence of vibrations in the middle of the start-up section.
This mode of changing the dynamic component of the driv-
ing torque indicates the presence of variable dynamic loads
in the drive of the turning mechanism during start-up.
The graph of angular acceleration of the crane manipu-
lator rotation mechanism (Fig. 7) is practically a copy of
the graph of changes in the dynamic component of the
driving torque of the drive. This is conditioned by the fact
that the dynamic component of the driving moment is
the product of a slightly variable moment of inertia of the
rotary part of the manipulator crane and its angular accel-
eration. The graph of the angular velocity of the rotary part
of the manipulator crane (Fig. 8) increases from zero in the
first half of the start-up almost according to a linear law,
and in the second part of the start-up, this increase slows
down with a slight fluctuation in the turn speed.
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Figure 8. Graph of the angular velocity of the rotary part
of the manipulator crane

The dynamic component of the drive power of
the manipulator crane rotation mechanism (Fig. 9)
increases from zero to the maximum value in the presence
of power fluctuations, and then sharply decreases to zero
within 0.5 seconds. Fluctuations in the dynamic component
of the drive power of the turning mechanism are caused by
the nature of changes in the driving torque, which also has
an oscillatory character.

V. Loveykin et al.
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Figure 9. Graph of the dynamic power component
of the drive mechanism of the manipulator crane rotation

The obtained optimal modes of movement of
crane manipulator mechanisms should be used in real
drive designs [20]. For this purpose, control systems are
used [21]. It is possible to estimate the influence of optimal
driving modes on the strength characteristics of structures
by performing calculations for strength and reliability [22].
To assess the impact of optimal movement modes of mech-
anisms on the efficiency of manipulator cranes, it is neces-
sary to monitor them.

CONCLUSIONS

1. A dynamic model of the rotation mechanism of the manip-
ulator crane is constructed, which considers the main move-
ment of the rotation mechanism and the oscillatory move-
ment of the load on a cylindrical hinge suspension in the
radial direction (the plane of change in the departure of
the load).

2. Based on the dynamic model, a mathematical model
of the dynamics of the movement of the crane-manipula-
tor rotation mechanism is compiled, which is described by
a system of nonlinear second-order differential equations.

3. For such a mathematical model, an optimisation
problem is set and solved to determine the rotation mode of
the manipulator crane, which provides the minimum RMS
value of the driving torque of the drive mechanism when the
boundary conditions of movement are met. The boundary
driving conditions are selected from the condition for elim-
inating load vibrations in the radial direction when entering
the steady-state mode of rotation of the manipulator crane.

4. As a result of solving the optimisation prob-
lem, the law of motion of the turning mechanism is deter-
mined, which minimises the optimisation criterion and
provides the necessary boundary conditions for move-
ment. At the same time, there are some fluctuations in
the kinematic characteristics of the turning mechanism
with a fairly smooth mode of cargo movement in the radial
direction. There are also fluctuations in the driving torque
and dynamic power component of the drive mechanism of
the manipulator crane rotation.

Machinery & Energetics, Vol. 13, No. 1
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5. To eliminate these shortcomings of the obtained  criteria that allow eliminating fluctuations in the kine-

optimal driving mode, it is necessary to use complex opti-  matic, power, and energy characteristics of the crane rota-
misation criteria, which would include other individual  tion mechanism.
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B'suecnaB CepriitoBuu JIoBeiikin!, I0piit Onekcanaposuu PomaceBuu!, Tageyc 3710T0?,
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'HanioHa/IbHUI YHiBEpCUTET GiopecypciB i MpUpogoKOpUCTyBaHHS YKpaiHu
03041, Bysn. T'epoiB O6oponu, 15, M. Kuis, Ykpaina
MlomitexHika YecTouoBChKa
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OnTUMi3auia CUIOBOro peXXxuMy Nycky MexaHi3aMmy noBopoTy
KpaHa-MaHinynaTopa 3 uniHAPpUYHUM LUApPHiIPHMM NiaBICOM BaHTaXy

AHoTauUiq. B cTaTTi posrisgaetsest mpobieMa migBuiieHHs eeKTUBHOCTI pOOOTY KpaHa-MaHiMmy/sITopa 3a PaXyHOK
BUOOPY PEXMMIB pyXy MPUBOIY MeXaHi3My ITOBOPOTY Iif yac mpoiiecy mycky. IIpu po6oTi KpaHiB MaHiMyIsITOPiB Ha
IUISTHKAX MepexifgHMX MpoleciB BUHMKAKTh 3HAUHI AMHAMIiUuHi HaBaHTaXeHHSs, SIKi MPU3BOASATD O PO3TOMIyBaHHS
BaHTaXy Ha LIapHipHOMY MifBici. Ile MpM3BOAUTb N0 3MeHIIeHHs MPOAYKTUBHOCTI Ta HaIiITHOCTi KpaHa-MaHIMyJIsITopa,
a TaKOX IiABUIIIEHHS eHepreTMYHUX BUTPAT MPUBOAY MeXaHi3My IIOBOPOTY. 3MEHIIUTY AMHAMiuHi HaBaHTaXeHHS
npu pob60oTi MexaHi3My IMOBOPOTY Ha Ii/ISTHKAX MepeXiTHMUX MPoIeciB (MyCcK, TaJlbMyBaHHS) KpaHa-MaHimyasiTopa
3aIIPONIOHOBAHO IUISIXOM IIPOBEIEeHHSI ONITUMi3allii peskuMy pyxy pUBOLHOTO MeXaHi3my. IIpy 1iboMy KpaH-MaHIITyJsITop
MpeACTaBIeHO Y BUTJISIAI ABOMAcOBOi AMHAMIUYHOI MOJIei, ie TIepuIo Macol0 BUCTYIIA€ MTOBOPOTHA YaCTHHA KpaHa-
MaHinyssTOpa 3 MPUBOAHUM MeXaHi3MOM, a APYror Macolo € BAHTaX Ha WIiHAPUYHOMY LIapHipHOMY mifBici. MeTa
IOCJIiI)KeHHST — IiABUIIEHHS e(eKTUBHOCTI KpaHa-MaHIiMyJIsITOpa IMUISIXOM ONTUMIi3allii peskumy IycKy MexaHi3My
MOBOPOTY. MeTO/0JIOTi€I0 € ONTUMAaJbHI PeKMMM PYXy KpaHOBMX MeXaHi3MiB, SKi 10 MiHiMyMy 3BOJSTb Jil0 IMHAMIUHUX
HaBaHTaxKeHb, Ilepe0avaloTh HAsIBHICTh KPUTEPIiiB ONTUMI3allii 3a cepeHbOKBAAPATUYHMMM 3HAUEHHSIMY PYLITHUX
CWJI TpUBOJiB. Po3pobiieHa AuHaMiuHa MOIe/b JO3BOJIMIA TOGYAYBAaTH MaTeMaTUUYHY MOJIEJb, 10 OMMUCYEThCST CUCTEMOIO
HemiHiTHMX qudepeHiaabHUX PiBHSIHB. ONTUMI3alli0 peXXUMY PyXy MeXaHi3My ITOBOPOTY KpaHa-MaHIMy/lIsITopa 3/1i/iCHeHO
HIJIIXOM MiHiMi3alii iHTerpaabHOro AMHAMIYHOIO KPUTEPIiI0, IKMii IIpeicTaBlise CO600 cepeIHbOKBAAPATUUHE 3HAUECHHS
PYIIiiHOTO MOMEHTY ITPUBO/LY 32 Uac IIPOXO/IKeHHS MepeXiTHOro Mmpoliecy. B pe3yabTaTi mpoBefeHoi onTUMi3allii 3HaineHo
PEKUM ITYyCKY MeXaHi3My ITOBOPOTY KpaHa-MaHiIyssITopa, SIKMit 40 MiHiMyMy 3BOJSITb CMIOBi HABAaHTasKeHHSI Ta KOJMBAHHS
BaHTaXy Ha lIAapHipHOMY Mi/Bici B pasialibHOMY HanpSIMKy. OTpyMaHMii ONTUMalbHUI PEXKUM IyCKYy MeXaHi3My TI0BOPOTY
JIO3BOJIMB IMiABUIIUTY TPOAYKTUBHICTh Ta HaIiifHiCTh pOOOTM KpaHa-MaHIIyasITOPa, a TAKOK 3MEHIIIUTY eHepreTUYHi
BUTPATU TIPUBOAY
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KOJIVIBaHHSI BAaHTaXy
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