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Abstract. The first part of the article describes
the research concept and presents the results,
which in the future allow the development of a
LQR-neurocontroller of the movement of the dy-
namic "crane-load" system. For this purpose, the
the problem of optimal control was stated. It uses a
mathematical model in which the control function
is considered as the rate of driving force change.
This increases the order of the system by one. For
individual components of the integral criterion, the
weight coefficients were chosen and the values of
the initial conditions were substantiated. The origi-
nal problem of the synthesis of a LQR-controller is
reduced to the Riccati equation. For one case, a
solution to the Riccati equation was obtained and
graphic dependencies corresponding to the ob-
tained optimal control were built. The analysis of
graphical dependencies made it possible to estab-
lish the disadvantages and advantages of the ob-
tained optimal control. Among the advantages are
the smoothness of the movement of the system and
the provision of a zero value of the driving force at
the beginning of the movement. This makes it pos-
sible to reduce the dynamic forces of the drive of
the crane movement mechanism and its metal
structure. Among the disadvantages of optimal
control is a significant rate of increase of the driv-
ing force at the beginning of the movement, which
can cause difficulties in the implementation of
optimal control in practice, as well as an overshoot
of the crane velocity.

Multiple solutions of the Riccati equation made
it possible to obtain datasets for training, valida-
tion, and testing of an artificial neural network,
which is considered as a universal approximator of
Riccati equation solutions. The process of data
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normalization and formation of training pairs is
described.

All data regarding the optimal values of the
controller coefficients were obtained for load
masses that varied within 60...25,000 kg and
lengths of flexible suspension that varied within
1.2..12 m. In addition, the power of the weight
coefficient varied within -5...-30, which corre-
sponds to the minimization of the driving force
rate.

Keywords: crane, linear-quadratic criterion,
controller, artificial neural network.

INTRODUCTION

Cranes are widely used in many areas of
production. Their effective exploitation plays
an important role in increasing quality and
quantity indicators of production, whether it is
construction, light, or heavy industry. One of
the most influencing factors, which obstructs
the high crane productivity is pendulum load
oscillations. They may be eliminated in many
ways. However, optimal control in this regard
appears the most reasonable. That is why there
is a huge amount of scientific works, that
copes with this issue [1-5]. Among them, one
may note a class of optimal LQR-controls, i.e.
strategies, which minimize a linear-quadratic
cost function. The latter is an integral func-
tional, which reflects ,costs” on system
movement quality as well as ,,costs” on con-
trol. For instance, in the work [6] LQR-
criterion was used in the problem of double
pendulum ,,crane-load” system control. The
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elements of weight matrices Q and R in crite-
rion structure were obtained by application of
PSO method. A similar approach is used in the
study [7]. Here PSO, SA, and GA methods
were involved to fit the values of matrices Q
and R elements. However, to control the sys-
tem movement PID-controller is used.

LQR- and LQG-controls for two masses
system ,,crane-load” were developed in the
work [8]. A comparison of controls quality
allowed to conclude, that LQR is better than
LQG, however, there is the opposite situation
in the sense of practical implementation. This
fact is connected with a lower number of sen-
sors for LQG, which provide system state
measurements.

Tuning of matrices R and Q was carried out
in the article [9]. Beside the LQR-criterion
authors added to the objective function over-
shoot, rise time, and settling time. SA me-
taheuristic method was used to solve the prob-
lem.

In the paper [10] authors considered a gan-
try crane and described it with the partial dif-
ferential equation model. The designed control
allows to suppress of the load pendulum oscil-
lations. Experimental results have verified the
performance of the developed control on the
lab crane installation.

LQR-criteria might be used for different
purposes. For instance, in the study [11] poly-
nomial-based trajectories of crane trolley were
designed. To track them and minimize the pos-
sible errors (deviations from the trajectories)
LQR-controller was applied.

Almost all mentioned works provided cal-
culations with parameters of laboratory crane
installations. These are located far from the
parameters of real cranes, which to some ex-
tent decreases the practical value of the ob-
tained results.

In the current study, we used real parame-
ters of the crane. Thus, the obtained results
may be applied in practice.

LQR- Development of

PURPOSE OF THE PAPER

The paper’s purpose is to design a general
controller of the system ,,crane-load”, that is
optimal in the sense of LQR-criterion minimi-
zation. The first part of the study is dedicated
to obtaining and preparing a data set, which is
multiple solutions of LQR-problem for various
dynamical system parameters and a parameter,
which influences the intensity of movement
mode.

RESEARCH RESULTS

First of all, the authors will briefly describe
the concept of the study. In the investigation,
LQR-problem is considered. Indeed, such
problems are commonly accepted and well-
studied. The problem itself may be relatively
simply solved by its reducing to Riccati equa-
tion solution (Fig. 1).

Multiple Riccati equation solutions with
different values of system and movement
mode parameters allow obtaining some set of
numerical data. Its preprocessing brings all the
needed data for artificial neural network
(ANN) training. The latter is considered as a
powerful approximator of the LQR-problem
dataset solutions.

In order to prove ANN high prediction fea-
tures ANN testing is mandatory. Thus, one
may access the developed ANN (fed it with
some input data: mass of the load and length
of the load suspension) and obtain values of
optimal coefficients of LQR-controller. These
calculations may be carried out online, i.e.
when the length of load suspension is varied
during the crane movement.

In the current research, a dynamical model
of the ,,crane-load” system (Fig. 2) is used [1,
2,5, 7].

Solutions

ANN
problem LQR-problem » set pre- » training

statement

solutions set

processing and testing

Fig. 1. Scheme which describes the development stage of general LQR-ANN-controller
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Fig. 2. Dynamical model of the ,,crane-load” sys-
tem

In the study, to take into account the drive
force rate, we consider a control function,
which is a first derivative of the drive force by
time. Thus, the mathematical model of the
system is as follows:

F=q;

mX +m,X, = F; (1)
|

X, =X, +—X,

1 2 g 2

where m1 and m; — the reduced masses of the
crane and load, respectively; x1 and X2 — posi-
tions of masses my and my, respectively; | — the
length of the flexible suspension; g — accelera-
tion of free fall; F — the dynamic component of
the reduced driving force; @ — rate of the drive
force.

The system (1) was presented in a matrix
form:

x(t) = Ax(t) + Bu(t);

y(t) = Cx(t) + Du(t);

2
x:(x1 X, X, X If)T; @
u=a.

where Q — the frequency of the load's pendu-
lum oscillations, under the condition of a sta-
tionary crane (mathematical pendulum),

0= %
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The matrices A, B, C, and D are given be-
low:

0 0 01 0
0 0 10 0

4= @ -0* 0 0 0|
2 2 !

_Q'm, Q'm, 0 0 1

ml ml ml
0 0 00 O

B=(0 0 0 0 1);

c=(0 10 0 0)

D

We set the following initial conditions:

x(0)=(x,(0) x%,(0) %(0) %(0) F(0)) =

(—ﬂ v -V -V FJT ®
2 2 °)

where v — the specified steady velocity of the
crane; t1 — the duration of the acceleration or
of the dynamical system; Fo — the value of the
initial drive force, which may be set in an arbi-
trary way.

As we consider the dynamical system ac-
celeration mode, we should set negative values
of initial load and crane positions. At the end
of the mode, the system must reach the origin
(zero) point of the phase domain.

In a similar way, one may use initial con-
ditions that are referred to the deceleration
mode of the system movement, which are not
considered in the frame of the current study.

The linear-quadratic regulator (LQR) cri-
terion is as follows:

J =T(XTQX+UTRu)dt, (4)

where Q — the matrix of weight coefficients
that show the importance of minimizing the
norm of the state vector; R — the matrix of
weight coefficients that show the importance
of minimizing the norm of the control vector
u.
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We stress the importance of reaching the
steady velocity v by setting the matrix Q as
follows:

Q=diagho® 10° 10° 10° 10°)
R=(5-107)

where 6 — the power of the weight coefficient
in the integrand of criterion (4). Matrix R con-
tains only one value, which in some sense re-
flects the constraint on the rate of F changing:
the bigger its value the bigger cost of the @
value. The solution of the LQR-control prob-
lem is well-known [12]:

u=-R'B"Px =G, (5)
where G LQR-controller gains vector
(G=(G1, G2, Gs, G4, Gs)"); P — solution of the
Riccati equation:
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A'P+PA-PBR'B'P+Q=0. (6
One may set all the system and movement
mode parameters and obtain LQR-problem
solution.
For example, for the values specified in
Table I, the G-vector is G=(436887, -436881, -
63982, 696443, 5.30153).

Table I. Numerical values of system and
movement mode parameters

Parameter | Unit Value
m1 kg 50000
mo 16200
I m 5.32
v m/s 1
11 S 4
0 - -6.9

The plots, which correspond to the ob-
tained solution are given in Fig. 3.
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Fig. 3. Plots of control function (a), drive force (b), crane velocity (c), and phase trajectory of the load pen-

dulum oscillations (d)
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As one may observe from the Fig. 3,a the
maximal rate of F changing is referred to the
very first moment (t=0). Indeed, @(0)>600
kN/s, which raises some difficulties in practi-
cal implementation of such control.

On the other hand, decreasing @(0) does
not correspond to a fast transition process (de-
sired feature). Anyway, to take into account
value @(0) correctly, one needs to figure out
the dynamical features of the cranes controlled
drive (for instance, frequency inverter tech-
nical parameters).

It is clear, that one of the desirable features
of the obtained control law is connected with
opportunity of setting initial value of drive
force F(0). For the case of study we set F(0)=0
(Fig. 3,b). Such selection of F(0) makes the
controlled process ,,softer”.

The dynamic impacts in the drive and in the
crane metal structure are not as intensive, as
they might be for the case F(0)#0.

Observing Fig. 3,c one may state the over-
shoot in crane velocity, which approximately
equals 15%. For the frequency-controlled
drive, it is not a significant problem.

However, this issue should be considered in
further studies and an approach to its solution
(reaching zero overshoot value) must be de-
veloped.

As for load pendulum oscillations (Fig. 3,d)
its linear magnitude equals 0.5 m, which cor-
responds to 5.3°. This value appears at the be-
ginning of the movement when the control
extensively changes (first three seconds of the
system movement).

The found solution (G-vector) is optimal
only for the set parameters (Table I). However,
in practical cases of crane exploitation values
of load mass m2 and length | of load suspen-
sion (cable) are varied.

In addition, in order to meet variable re-
quirements to movement mode, one may set
different values of & (the bigger & the more
smooth and slow motion mode is obtained, i.e.
big drive force values are penalized by the
value of criterion (4)). Thus, for specific crane
with set parameters (m1=50000 kg, v=1 m/s)
multiple LQR-problem (1)-(4) solutions must
be found.

Furthermore, they are considered as a data
set for training, validation, and testing of
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ANN. The latter is considered as a general
solver of LQR-problem. It covers all practical-
based cases.

Thus, we must prepare the data set. In the
frame of the current study LQR-problem (1)-
(4) was solved 100000 times, each time with
different values of my, I, and &. The upper and
lower limits of these are given in Table II.

Table 1. Numerical values of upper and lower
values of m, I, and &

Value
Parameter
upper lower
mz 25000 60
| 12 1.2
o -5 -30

All the obtained data were arranged in the
frames:

{m2, 1, &, G1, Gz, Gs, Gs, Gs}. (7)

For the sake of appropriate article volume,
we have made a file ,,LQR-problem solu-
tions.txt” and uploaded it to the shared
Google-Drive folder. It may be downloaded by
the link [13].

In order to train and test ANN in a proper
manner, all the data must be normalized and
arranged in training pairs:

(M, I, 8) =G, 8)

where m,., |, and &, — the normalized val-

ues of load mass, rope length, and power of
weight coefficient in the R matrix from i-th
training pair. The counter i indicates the num-
ber of the pair (i< (1, 100000)). The tilde
symbol shows a normalized value:

mz_i — m2.i m2.min 1’
m2.max - m2.min
r -2 Ii — Imin 1:
. Imax _Imin v (9)
gl -2 5| _5m|n 1'
5max - 5min
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where my,i — the natural value of the load mass;
M2.min and Mamax — lower and upper values of
the load mass respectively; |; — the natural val-
ue of the rope length; Imin and Imax — the lower
and upper values of the rope length respective-
ly; & — the natural value of the power of con-
trol weight coefficient; omin and omax — the low-
er and upper values of the weight of control
function power respectively (Table I1).

Normalization (9) allows presentation of all
the data on the scale from -1 to 1. Such values
are appropriate for ANN feeding (they will not
cause ,,saturation” effects in the artificial neu-
rons of ANN).

In order to train and test ANN properly,
all the data was split on three sets: for training
purposes, validation, and test of ANN. The
training set includes 85451 pairs, the valida-
tion set includes 4497 pairs, the test set —
10051 pairs. Each pair is arranged in the form

(8).

Now the data is prepared for development
of ANN. Description of this process and its
application in the practical conditions of crane
exploitation will be given in the second part of
the study.

CONCLUSIONS

In the article, important scientific and prac-
tical issue is investigated. It is connected with
the synthesis of optimal by LQR-criterion. The
optimal control of the motion mode of the sys-
tem ,,crane-load” is a linear combination of
state variables and found coefficients. In order
to make the control mode softer (i.e. decrease
dynamical impacts in crane elements) the
mathematical model of the system is used,
which is completed with additional state coor-
dinate — drive force. In this case, the control is
the drive force rate.

The stated problem is solved 100000 times
for the crane of 50000 kg reduced mass, and
steady velocity of 1 m/s. Each solution is
found for different values of my, I, and o. This
makes it possible to develop a data set for
ANN training, validation, and testing. In the
current study, ANN is considered as general-
ized approximator of LQR-problem solutions
(or solver of the problem). Corresponding cal-
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culations will be described in the second part
of the study.
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Po3pobka y3arajibHeHOro JiHiliiHO-
KBQ/IPATHYHOT0 HEPOperyasaTopa CuHCTEMH
»KpaH-BaHTa:xx”. YacTuHa 1

IOpiii Pomacesuy®, Kocmanmun Iouxa?,
Jmumpo Miwyx®

Hayionanonuii ynisepcumem 6iopecypcie i
NPUPOOOKOPUCIYBAHHA YKpaiHu,
23Kuiscokutl Hayionansuull yrisepcumem
OyOisHUYmMea i apximexmypu

AHoTauif. Y mepuii 9YacTuHi CTaTTi IpoBee-
HO OITMC KOHIICMIIIT TOCTIPKEHHS Ta MPEICTABICHO
pe3yibTaTH, AKi y HOAAJBIIOMY JO3BOJISIOTH BU-
KOHATH PO3POOKY JTiHIHHO-KBAAPATHIHOTO HEHPO-
perynsTopa pyxy IUHaMi4HOI CHCTEMH ,,KpaH-
BaHTax”. st 11boro OyJi0 BUKOHAHO MOCTAHOBKY
3aJa4ui ONTUMAJILHOTO KePYBaHHs. Y Hill BUKOpHC-
TaHO MAaTEMaTHYHy MOJEINb B K (QyHKIIS Kepy-
BaHHSI PO3TJISIAETHCS SIK IIBHIKICTH 3MIHU PYILIiH-
Horo 3ycuiuisl. Lle 36inblrye HOpsiioK cucTeMu Ha
OIUHHUIIO. J[71s1 OKpeMHUX KOMIIOHEHTIB iHTerpasib-
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HOTO KpHUTEpil0 0OpaHO BaroBi KoedilieHTH Ta
0OTpyHTOBAaHO BEIMYMHH MOYATKOBHX YMOB. Buxi-
THY 3a/ady CHHTE3y JIHIHHO-KBaJApPATHYHOTO pe-
rynsropa 3BefieHoO 1o piBHAHHS Pikkati. dist on-
HOTO BHUITAAKY OyJI0 OTPUMAaHO PO3B’SI30K PIBHSIHHS
PixkaTi i mpoBeneHo moOymoBy rpadidHuX 3aex-
HOCTEH, sIKi BiAMOBiAalOTH OTPUMAHOMY OINTHMA-
JHFHOMY KEepYBaHHIO. AHali3 rpadiqHuX 3alieKHO-
CTe¥l aB 3MOT'Y BCTAHOBHTH HEIOJIKH 1 MepeBaru
OTPUMAHOIO ONTHManbHOro KepyBaHHsi. Cepen
nepeBar BCTAHOBJICHO IUIaBHICTh PyXy CHCTEMH Ta
3a0e3neyeHdss HyJNbOBOTO 3HAYEHHS PYIIIHOTO
3ycHJUIs Ha moyarky pyxy. Lle mo3Bosnsie 3mMeHIn-
TH HABAHTAXKEHICTb UHAMIYHAMHU 3yCHIUISIMH
MPUBOLy MEXaHI3My MEPEeMIlICHHSI KpaHa Ta HOro
MeTanoKoHCTpyKMii. Cepen HEMOMIKIB ONMTHMANb-
HOTO KEpYBaHHS — 3HaYHA IIBHJKICTh HAPOCTAHHS
PYLIHHOTO 3yCHJUIS HAa MOYATKy PyXy, IO MOXKe
BHUKJIMKATH CKJIATHOIII MPH peatizallii onTuMalb-
HOTO KEepPYBaHHS Ha IPAKTHLI, a TAKOXK NEpepery-
JIOBAHHA HIBUJKOCTI pyXy KpaHa.

BbaraTokpaTtHe po3B’s3yBaHHS piBHSHHS PikkaTti
Jlajio 3MOTY OTPHMAaTH MacuBU JaHUX ATl TPEHY-
BaHHS, BaJifamii Ta TeCTyBaHHS IITYYHOI HEHPOH-
HOT Mepexi, AKa PO3TIBIIAETHCS K YHIBEpCAIbHUM
anpoOKCUMATOpP PO3B’s3KiB piBHAHHS Pikkari. Omu-
CaHo TpolleC HOpMalizalii JaHux Ta GOpMyBaHHS
HaBYaJIbHUX Map.

Bci naHi cTOCOBHO ONTHMaNbHUX 3HAYEHb KOE-
(himieHTIB perynsTopa OTpUMaHi Ui Mac BaHTaXY,
K1 3MiHIOBaHCh y Mexkax 60...25000 kr i JOBXUH
THYYKOTO TIiJBiCy, SIKi 3MIHIOBAIUCh Yy Mexkax
1.2...12 m. Kpim Toro, y mexax -5...-30 3miHIOBa-
BCSA TIIOKa3HMK CTEICHS BaroBoro KoedillieHra,
SIKMH BIAIOBIIAC 338 BXKJIMBICTH MiHIMI3aLil IIBU/-
KOCTi 3MiHU PYIIiHHOTO 3yCHILISL.

KuarouoBi cioBa: BaHTaXOMIAMOMHUI KpaH,
TMHINHO-KBaPaTUUHUA  KPHUTEpPiHd,  PperymsTop,
LITyYHa HEHPOHHA MepeKa.
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