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Certain engineering problems concerning safety of the technological operations of the horizontal transpor-
tation of nuclear fuel within the enterprises’ sites were considered. Taking into account current trends in the
introduction of robotic systems to reduce the impact of hazardous nuclear materials on personnel, the issue of
automated control of the movement of the wheeled robotic platform, which can be used for horizontal trans-
portation of nuclear fuel was studied. The major attention was paid to minimizing the transportation loads on
nuclear fuel by means of decreasing the accelerations under its horizontal movement on the robotic wheeled
transportation platform, which is a separate issue of the comprehensive safety problem of nuclear materials
management.

The research of horizontal movement safety of nuclear fuel by means of the robotic wheeled platforms was
limited to defining transportation accelerations and was performed by computer simulations using mathe-
matical models of dynamics and electro-mechanics. The mathematical model of the robotic transport wheeled
platform loaded with nuclear fuel with the on-board accelerometer ensuring the required measurements nec-
essary for an automated safe movement control system was built in the form of the Lagrange equations of the
second kind and the electro-mechanics equations of the direct current electric motors. The issue of ensuring
smooth running during the displacement of a wheeled platform loaded with nuclear fuel was investigated,
since especially in this mode the maximum accelerations are observed, which can lead to nuclear fuel damage.
Computer simulation was performed using free Scilab software with open program code. It was demonstrated
that due to the proper choice of the time algorithm of the voltage of electric motors, it is possible to ensure a
small acceleration during the displacement of a robotic wheeled transport platform loaded with nuclear fuel.
The obtained result substantiated the possibility of safe horizontal transportation of nuclear fuel on robotic
wheeled platforms within the territories of enterprises, which will significantly reduce the harmful impact of
hazardous nuclear materials on industrial personnel.

Keywords: automation, nuclear fuel, handling, management, safety, wheeled transport platform, software
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ble, even non-visible micro-damages which can lead

Introduction to unpredictable events important for safety during
nuclear fuel follows operation. It is obvious that possi-

Transportation of nuclear fuel assemblies within ble transport damages of the nuclear fuel assemblies
enterprises’ territories is the delicate technological can be from loads due to not low enough transport
operation due to necessity to fully exclude all possi- accelerations. Therefore, there is the contradiction be-
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tween the wish to have faster transportation and pos-
sibility to damage nuclear fuel due to higher acceler-
ations, which can occur if we will have to do it. One
way to resolve this contradiction is in using the auto-
mated control of nuclear fuel transportation because
it allows providing maximal permissible acceleration
more smoothly compared to the manual control.

Current State Overview the and Problem
Formulation

Almost of estimates of the nuclear fuel operability
and safety are based on the assumption that all dam-
ages occurred before operation are negligible [1], [2].
At the same time, some damages are possible in-
cluding due to transport operations and a lot of such
damages of the nuclear fuel assemblies cannot be es-
timated due to limited opportunities of instrumental
measuring, but these damages can having the signif-
icant influencing on the operational operability and
safety due to opportunities of creating some unpre-
dictable events which can be important for the nucle-
ar safety. This research supplements the previous re-
searches [1], [2] because of considering the problems
about minimizing the possible transport loads on the
nuclear fuel assembilies.

Necessity of increasing the industrial staff safety
requires principally of implementing the different ro-
botic systems for handling the radioactive dangerous
materials, and due to this, it is one of modern trends in
industry, especially in nuclear power [3]-[5]. The most
up-to-date applications of the robotic systems for the
nuclear power purposes are limited to important but
auxiliary operations like inspecting the spent nuclear
fuel [4] as well as aerial working [3], [4], [7] at the nu-
clear power plants including after the serious nuclear
disasters like Chernobyl and Fukushima Daiichi [3] be-
cause it is possible to do it by using the well-known
technologies including the remote control [8]. At the

same time, direct handling the nuclear fuel assem-
blies requires a lot of especial characteristics of the
robotic systems like the smooth motions, the mini-
mal accelerations and the accuracies of positioning
more precisely comparing with the general pur-
posed robotics. All these are to minimize the dam-
ages in the nuclear fuel assemblies at their handling,
so the purpose of this research is in developing the
theoretical backgrounds of automated ensuring
the smooth motions of wheeled robotic transport
platforms required to minimize the transportation
damages of the nuclear fuel assemblies. To accom-
plish this purpose the mathematical model of the
dynamic for the electro-mechanic wheeled robotic
transport platform with the board accelerometer
and cargo of the nuclear fuel assemblies will be de-
veloped. Besides, using that proposed mathematical
model, it will be executed the computer simulations
of the nuclear fuel assemblies transportation pro-
cess to show the possibilities of automated ensuring
the smooth motions and instrumental recording the
actual transport loadings.

1 Mathematical model of horizontal
transportation of the nuclear fuel assemblies
on four-wheeled robotic platform

The transportation loads on the nuclear fuel as-
semblies during the technological displacements are
determined by their accelerations, so the mathemati-
cal model of the robotic transport platform should al-
low us defining these accelerations. The four-wheeled
robotic transport platform for the nuclear fuel as-
semblies' horizontal displacements was considered
(Figure 1) because it represents one of the most widely
used designs [3]. Let us assume that the four-wheeled
transport platform is driven by the electromechanical
pair couples produced in the direct current electric
motors separately for each of the wheels (Figure 1).

1 - nuclear fuel assembly;

2 —transport platform;

3 - wheel;

4 - on-board accelerometer;
5 —inertial,

6 — damping and

7 - elastic elements

Figure 1 - Schematization the four-wheel transport platform with the nuclear fuel assembly cargo
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The impact of the moved wheeled platform on the
installed board accelerometer will be considered to
estimate the possibilities for accurate instrumen-
tal measurement and save data on the transport
accelerations (Figure 1). Only the horizontal trans-
port displacements of the nuclear fuel will be con-
sidered, so we will have the holonomic system with
two freedom degrees representing the motion of
the platform and the displacement of the inertial
element of the accelerometer (Figure 1).

Using the well-known Lagrange equations of the
second kind we will have the following differential
equations of motion:

iyt M~

w

—bg|a|, (1)

_mad1 + madZ = _Can - ﬁan’ (2)

where g, and g, are the generalized coordinates
defining the horizontal motion of the wheeled plat-
form and displacement of the inertial element of
the accelerometer; M_is the electromechanical cou-
ple created by the drive electric motor; M_is the roll-
ing friction couple; R, is the radius of the wheels; b is
the coefficient defining the aerodynamic resistance
force; m_is the mass of the inertial element, 3, is
the parameter of the damping element and c_is the
stiffness of the elastic element of the accelerometer;
m is the equivalent mass of the wheeled platform
taking into account all their kinetic energies.

In case of the wheels rolling without sliding, the
equivalent mass of the robotic wheeled transport
platform for the nuclear fuel assemblies' horizontal
displacements is as follows:

J, +J
mw+mr+g

2
w

m=mMy, +m, +4 +m, (3)

where my, is the mass of the nuclear fuel as-
sembly; m, is the mass of the non- rotating compo-
nents of the wheeled platform; m, and m, are the
masses of the wheel and the electric motor's rotor;
J,, and J, are the moments of inertia of the wheel
and the electric motor's rotor.

The triggering mode will be considered for the
robotic wheeled transport platform transporting
nuclear fuel assemblies because the maximum ac-
celerations occur in this mode. The main difficulties
in considering the triggering mode are due to the
well-known properties of the rolling friction couple
which for the case of equal platform's weight distri-
bution between the wheels can be represented as
follows:
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where MT™ is the maximal value of the rolling
friction couple corresponding to the moving state;
f, is the rolling friction coefficient.

To consider the properties (4) of the rolling
friction, it is necessary to represent the differential
equation (1) as follows:

md1 _madz = (F(Me'q1)+|F<Me'q1 )|>/2' )

M, —M7>sign(q,)
R

w

where F(M,,q,) =4 —bq,|q)-

The differential equations (5), (2) have to be
supplemented by the electro-mechanics equations
defining the electro-mechanic couple of the direct
current motor:

R(J,+J
ME:B-I(t), = (W '>, (6)
Tm
di B .
L—+R-1+—q,=u(t), (7)
dt R, G =u(t)
where R, L and 7, are the resistance,

the inductance of the rotor's winding and the
electromechanical constant of the direct current
drive motor; | is the electric current of the rotor
winding and u(t) is the supplied voltage of the
direct current drive electric motor.

The ordinary differential equations defined by
the relations (5), (2) and (6), (7) have to be considered
with the initial conditions defining the state at the
initial time t moment, which is chosen as t=0.
Taking into account the considered triggering mode,
the initial conditions are as follows:

q, (0)20, q1<0):0' a, (0>:
=0,q, (O)ZO, I(O):O. (8)

The equations of motion (5), (2), the electro-
mechanics equations (6), (7) and the initial conditions
(8) represent the developed mathematical model
of the robotic wheeled transport platform for
horizontal displacements of nuclear fuel. This model
demonstrates that the acceleration of horizontal
transportation of nuclear fuel is determined by the
voltage supplied on the drive electric motors, so the
smooth movement can be realized by choosing this
voltage. Besides, this model allows considering the
coupled motions of the wheeled platform and the
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inertial component of the on-board accelerometer
to ensure substantiation of the instrumental
measurements for tracking actual transportation
loads on the nuclear fuel assembly.

2 Computer simulations of horizontal
transportation of the nuclear fuel assemblies
on four-wheeled robotic platform

The Scilab free open source software will be used
for computer simulation of the dynamic processes
in the moving robotic transport wheeled platform
with the installed on-board accelerometer and
the nuclear fuel assembly cargo. The computer
simulation is actually reduced to numerical solution
of the differential equations (5), (2), (6), (7) with the
initial conditions (8) representing the mathematical
model of the considered processes. However, the
most of known applicable for these numerical
methods require representing the differential
equations (5), (2), (6), (7) and the initial conditions
(8) in the canonical view of the system of first order
ordinary differential equations. To do this we will
introduce the new variables:

X, =Gy X, =Gy X3 =G Xy =Gy X5 =1. )
The new variables (9) will allow reducing the dif-
ferential equations (5), (2), (7) with the relation (6)

and the initial conditions (8) in the follows system of
first order differential equations:

(
.5:f3<X3'X5)' (10)

x,(0)=0,x,(0)=0,x;(0)=

=0,x,(0)=0,x,(0)=0, (1)
where £ (x,,%;,X,,Xs)  f,(X,,X5,X,,%5) and
f, (XB,XS) are certain functions representing the dif-

ferential equations (5), (2) and (7) by means of the
new variables (9) taking into account the relation (6).
These functions can be represented as follows:

[ﬁ(XZ,XB,X4,X 5)
)

f, (X5 X3, X4, Xs

-]

a

Fle )H

)
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The equations (10), (12), (13) and the initial
conditions (11) are realized by using the Scilab
software graphic tools as shown on the Figure 2.
The presented model (Figure 2) actually includes
definition of the ordinary differential equation
(10) with computing by the formulas (12), (13).
It is necessary to note separately, that solution
of the linear equations (12) is realized directly by
multiplying on the inverse matrix, which needs to be
calculated before using the model (Figure 2) because
it is possible due to the small matrix' size.

The voltage supplied on the drive electric motors
during the triggering mode will be assumed as
follows:

u=u (W) 0st<y,
1, t>t,

(14)

where U is a certain preset value of the voltage
to be established; t, is the switching time; k is the
parameter of the voltage increasing law.

Modelling the voltage (14) by using the Scilab
software is presented on the Figure 3. Although,
the instantly supplied voltage theoretically can be
imagined as the limit transition of the generally
represented voltage (14), but due to dividing on zero
it is necessary to have the switch for considering this
case (Figure 3). It seems that the smooth motions
during the triggering mode of the robotic wheeled
transport platform with the nuclear fuel can be
realized by means of the corresponding chosen
parameters of the supplied voltage (14). The voltage
value U to be established have to be chosen
considering the required velocity of transportation
the nuclear fuel, but the value t, of the switching
time and the value k of the voltage increasing law
have to be chosen to limit the accelerations during
the triggering mode.

3 Results of the computer simulations and
their interpretation

To make the computer simulation of the nuclear
fuel transportation on the robotic wheeled platform
by using the developed models (see Figure 2 and
Figure 3) it is necessary to define all required data,
which has to be represented as the variables of the
Scilab workspace. Next, we will assume the model
task with the follows parameters:
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i

J

— DEMUX
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Figure 2 - The mathematical model's representation in the Scilab software

Function:
y1=(u2/u1)m

Function:
y1=(u1+1)/2

u %
Static: 1

Figure 3 - Forming the voltage supplied on the drive electric motors in the Scilab software
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Mye, = 750kg, m, =2250kg,
N-s’
m

b=0,405 , £ =0,015, (15)

m, =20kg, R, =0,15m, J, =0,225kg-m*, (16)

m, =16kg, J. =0,0032kg-m’, (17)
R=1,180m, L=2,6mH,
2 4
TM:16’8mOm A2 S ’
kg-m
U=20V, k=1, (18)

m, —0,001kg, ¢, =0,01, 8, —0,0015. (19)
m m

The computer simulation results for the input data
(15)-(19) are presented on the Figure 3-6. Reliability
of these results can be substantiated by presence of
the maximum velocity limited by the correlation be-
tween total motion force and resistance (Figure 4)
well-known for all wheeled transport platforms.

Obtained results showed (Figure 5) that
increasing the switching time t, the parameter of
the gradual increase of supplied voltage (14) have
led to decreasing the transport acceleration of the
nuclear fuel almost twice comparing with the case
of instantly supplied voltage on the drive electric
motors; this can be explained by increasing the time
needed for achievement of the maximal possible
velocity of the wheeled transport platform. Due to
these circumstances, we have the opportunities to
increase the switching time to have sufficiently small
acceleration of nuclear fuel transportation by means
the four-wheeled transport platform. At the same time,
it is difficult to exactly provide manually the required
supplied voltage (14) corresponding to the exactly set
value t, of the switching time, so, automated control
of supplied voltage on the drive electric motors of
the wheeled platform used for transportation the
nuclear fuel is required. Modelling of the installed
accelerometer (Figure 6) shows that the maximum
displacement of the inertial element can be very
sensitive to the motion modes of the wheeled platform,
so it will allow recording all the harsh motions with the
higher accelerations to have estimations on possible
transport damages of the nuclear fuel.

The strains, the distortions and the stresses in
some part of the nuclear fuel assembly during the
transportation can be found by solving the follows
dynamic theory of elasticity problem:

1
€ij:5

oy, O
dy, oy, |

do; . 0%,

——p|g, +kd, +——-|=0,

ayj p[g q1 atz

0; =Cp€us (20)

)
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ul, =u, Jij”ij =p;, un, =
oy,

—ug; ul_ =0, 21 =o, @1)
Ot |y

where y;, i=1,2,3 are the Cartesian coordinates
of the considered part's point;

€1 U, and o, are the strain tensor's, the
displacement vector's and the stress tensor's
components;

g, are the components of the gravity load;

k, ~are the parameters defining the
transportation acceleration components depending
on the orientation of the nuclear fuel on the wheeled
platform;

p and Cijk/ are the density and the elastic
properties tensor of the structural material;

u; are the given displacement's components
on the S, part of the boundary surface;

n; are the components of the unit vector in
normal position to the boundary surface;

p; are given surface loading components on
the S, part of the boundary surface; u. is the given
deviation of the rigid body on the S. part of the
boundary surface.

As it is demonstrated by the equations (20),
simulating the transportation accelerations (Figure 5)
is essentially required for defining those permissible
values by assessing the strains, the distortions and the
stress in the parts of the nuclear fuel assemblies, but
such definition is the separate problem planned to
be considered further. At the same time, possibilities
of decreasing the transport accelerations (Figure 5)
are the principal issues for providing safe horizontal
technological displacements of the nuclear fuel by
using fully automated robotic wheeled platform.
It seems prospective considering possibility to
exclude close contact of the industrial staff with the
radioactive materials.

Conclusions

These researches allowed developing the
theoretical background for safe onsite horizontal
transportation of nuclear fuel by means of the robotic
wheeled platforms, which allows significantly reducing
hazardous impact of nuclear materials on the industrial
staff due to implementing automated motion control.
Although this research is just the initial one and will be
definitely continued, but having carried it out allowed
obtaining certain important results.

The mathematical model of nuclear fuel
horizontal transportation on the wheeled robotic
platform with the on-board recording accelerometer
was developed based on the dynamics and the
electro-mechanics. This model envisages defining
transportation accelerations of nuclear fuel as well
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Figure 6 — Displacement of the inertial element of the on-board measurement accelerometer

as motion of the inertial element of the on-board
recording accelerometer depending on the supplied
voltage on the drive electric motors of the robotic
wheeled platforms.Itisdemonstrated thatitis possible
to ensure small enough acceleration of transportation
for full excluding damages of nuclear fuel assembly
carried on the wheeled robotic platform due to a
particular choice of the supplied voltage on the drive
electric motors. All these opportunities can definitely
be implemented by using the automated control only.
The maximum displacement of the inertial element
of the on-board accelerometer can be very sensitive
to the motion modes of the wheeled platform, so it
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will allow recording all the harsh motions with higher
accelerations to have estimation of possible transport
damages of the nuclear fuel assemblies.
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be3neka TpaHCNOPTYBaHHA AfEPHOrO
nanuBa Ha KosliCHUX po60Tn3oBaHNX
nnatdopmax

Anboxina C. B."2, Hesniogos I. L11.%,
Pomauwos 0. B.2

"IHCTUTYT Npo6nem MalumMHO6yayBaHHS

im. A. M. MigropHoro HAH Ykpaixn, m. Xapkis,
YKpaiHa

*XapKiBCbKMIN HaLLIOHaMNbHWI1 yHiBEpCUTET
pagioenekTpoHikn, M. XapkiB, YKpaiHa

Posrnapatotbca nuTaHHA Woao 3abe3neyeHHA 6es-
neKkun Nig Yac 3[iNCHEeHHA onepawin FOPN30HTaIbHOrO
TPaHCNOPTYBaHHA AAEPHOro nanuMBa B MeXax nig-
NPUEMCTB. 3 ypaxyBaHHAM CyYaCHMX TeHOEHUi Woao
BMPOBAPKEHHA POOOTU30BAHUX CUCTEM [ANA 3MEH-
LUEHHA BM/IMBIB Ha NepPCcoHan Hebe3neyHux agepHUX
maTtepianis, fOCNIgXEHO MUTAHHA NPO aBTOMATU30-
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BaHE YMNpaBiiHHA PYXOM KOMICHOI po6O0TM30BaHOI
nnatdopmu, ka MOXe BUKOPUCTOBYBATMCA AJfA TO-
PU30HTaNIbHOro TPAHCMNOPTYBaHHA AAEPHOro Nanmea.
OcHoBHa yBara npuainAaeTbca MiHiMisauii TpaHcnopT-
HUX HaBaHTaXXeHb Ha AfepHe NaNMBO 3aBAAKN 3MeH-
LIEHHIO NMPUCKOPEHDb Mif YaC NOro ropm3oHTaNIbHOro
nepemilleHHst Ha KOMiCHi poboTn3oBaHii nnatdpop-
Mi, O € OKPEMUM MUTAHHSM KOMIIEKCHOT npobne-
MU 6e3MneKn NOBOMKEHHS i3 AfepPHUM MaTepianamu.
HocnigxeHHs1 6e3nekn ropu3OHTANIbHOrO MNepemi-
LEHHA AAEPHOro Nnannea Ha PobOoTN30BaHI KOJICHIN
TPAHCMOPTHIN nnaTdopMi 3BOAATHCA A0 BU3HAYEHHS
NPUCKOPEHb Ta BUKOHAHHA 3 4OMOMOIOK KOMIM'loTep-
HOro MOZE/IOBaHHA 3 BUKOPUCTaHHAM MaTeMaTUYHMX
MoZenen AuHaMIKM Ta eneKkTpoMexaHiku. Y Burnagi
piBHAHb JlarpaHa gpyroro pogdy Ta PiBHAHb enek-
TPOMEXaHIKN PYLWiNHWX ABUTYHIB NOCTINHOIO CTPyMy
nobyOBaHO MaTEMATUYHY Mopfesib PO6OTM30BaHOI
KONMICHOT TPaHCMOPTHOI NNaTthopmMK, 3aBaHTAKEHOI
AQEPHUM NasIMBOM, Ta BCTAHOBJIEHOIO Ha Hil aKkcene-
poMeTpa, AKUIM 3abe3neuye BUMIpIOBaHHSA, HEOOXIAHI
I4ns aBTOMaTM30BaHOI cuctemm 6e3neyHoro ynpas-
niHHA pyxoM. [Jocnig»keHo nuTaHHA wopo 3abesne-
YeHHA NMAaBHOCTI XoAdy Nif Yac 3pyLWeHHA 3 MicUA KO-
nicHOi NnaT$hopMK, 3aBaHTAXKEHOI AOEPHMM MaNIMBOM,
OCKINbKN Came Ha TakoMy pexumi CnocTepiraloTbcA
MaKCMManbHi NPUCKOPEHHS, WO MOXYTb MPU3BECTr
[0 NMOLLKOAXKEHb AAEPHOro nanvea. Komn'totepHe mo-
[eNoBaHHA BUKOHaHe 3a JOMOMOrOK BiflbHOro Mpo-
rpamHoro 3abesneueHHs Scilab i3 BigkpuTM npo-
rpamMHMM Kogom. MNokasaHo, Lo 3aBAAKN HaNIeXXHOMY
BMOOPY 3aKOHY 3MiHM Y Yaci HAaMpyru XMBJEHHA pY-
WiMHUX eNEKTPUYHMX ABUFYHIB MOXHa 3abe3neumntu
JOCUTb Mane NPUCKOPEHHS Mif Yac 3pyLleHHA 3 micua
pO60TN30BaHOI KOMICHOT TPaHCMOPTHOI niatdopmu,
3aBaHTaXeHoI AgepHUM nanueom. Opep)KaHun pe-
3ynbTaT OBIPYHTOBYE MOXIIMBICTb He3neuHoro ropu-
30HTaNIbHOrO TPAHCMOPTYBaHHA AAEPHOro NanvBa Ha
po60Tr30BaHUX KOMICHMX NiaTdopmax y Mexax nig-
NPUEMCTB, WO CYTTEBO 3MEHLWWTb WKigANBMIA BNINB
Hebe3neYyHnX AfepHNX MaTepianis Ha NepcoHar.

KniouoBi  cnosa: aBTOMaTtu3auis, 6es3neka,
KONMiCHa TpaHCMopTHa myaTdopma, MaTemaTMyHa
Mopfe b, MNaBHICTb PyXy, NMOBOMXKEHHA, MporpamHe
ynpasniHHA, AAepHe Nanneo.

OTtpumaHo 03.07.2021

° [NEPXABHE MIANPUEMCTBO
[AEPYKABHUM HAYKOBO-TEXHIYHUIA
N R s LEHTP 3 SAEPHOI TA PALIALIAHOI

BE3MEKN



