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Abstract. The robotic complex “StarGate” was created in response to a request to design and deliver a
device for the Nuclear Power Plant (NPP) V1 in Jaslovské Bohunice for the fragmentation of 12 steam
generators. To meet the NPP’s requirements, a transdisciplinary team was assembled, consisting of experts
in robotics, cybernetics, machining technologies, materials research, and nuclear energy. The synergy of
specialists from all these key fields led to a unique solution with parameters and features that are beyond
the current state of the art. The main differentiating parameters compared to the state of the art are as
follows:

e Higher production efficiency and work productivity, comparable even to flame cutting (cutting speed
of 1.7mm/s with a wall thickness of 140mm). The complete fragmentation of a single steam generator
(140 tons) took 45 days.

e A higher level of process automation and intelligent optimization.

e Minimal radiation exposure for workers.

e Minimal aerosol generation and reduced spread of contamination to the surrounding environment.

e Shorter fragmentation time, thereby reducing overall costs (The complete fragmentation of a single steam
generator (140 tons) took 45 days). According to today’s data, there are almost 100 steam generators in
the world awaiting fragmentation and further processing (IAEA).

1 Introduction — Dynamic stiffness of devices through simulation mod-
els.

— A multisensory system for optimal control of the cut-
ting process.

— A digital twin for operator convenience and process
safety.

— New conceptual solutions enabling full automation of

the process.

The robotic complex “StarGate” was created in response
to a request to design and deliver a device for the Nuclear
Power Plant (NPP) V1 in Jaslovské Bohunice for the frag-
mentation of 12 steam generators (SGs).

The main requirements for the new device were:

Minimal contamination of the environment (i.e. almost
no flame cutting).

Minimal exposure of operators.

Resistance of devices to RA radiation.

High work productivity given the time of 3 months to
fragment one complete steam generator (140 tons).

The synergy of specialists from all these key fields led to
a unique solution with parameters and features that are
beyond the current state of the art.

To meet the NPP’s requirements, a transdisciplinary team
was assembled, consisting of experts in robotics, cybernet-
ics, machining technologies, materials research, and nuclear
energy. This was manifested in the comprehensive research
and optimization of all parameters and properties of the sys-
tem that could affect its quality [1,6], such as:

— Chemical composition of materials and tool geometry.
— Tuning of cutting parameters.
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2 Motivation

The primary focus has been on improving the system’s
capabilities, effectiveness, and environmental suitability
compared to similar fragmentation systems on the mar-
ket.

Existing systems were analyzed as follows:

State of the art — cutting the shell

One of the technologies used is the application of a
large band saw, which has a cutting width greater than the
diameter of the container, i.e. sufficient to cut the entire
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ring with one cut. Although this technology enables a high
degree of automation in the first step, on the one hand, the
feed speed is too low, and at the output, a considerable
part of manual work is still required in an environment
with radioactive radiation for the arrangement of internal
pipes and other parts of the structure.

Milling technology with a disc cutter is also used,
which is part of the cutting module ensuring the rota-
tion and feed of the cutter. However, the module is stored
in a line of only a limited length, with a drive ensuring
the movement of the module within the specified length.
In this case, the feed speed depends on the stiffness of the
line attachment to the shell, and after cutting the con-
tainer shell within the length of the line, it is necessary
to move the entire set to the next position, which repre-
sents both a delay and the presence of the operator in a
contaminated environment.

A similar system, but with a stem or with a cylindri-
cal cutter as a tool, is used in combination with a band
saw for transverse cuts in the upper part of the PG cas-
ing. Here, the disadvantages of both previous technologies
are combined, i.e. low productivity and increased need for
operator presence [2,3].

Cutting of heat exchange tubes
Currently, the following technologies are used for cut-
ting SG inner tubes:

— Cutting the pipes with a band saw after removing the
casing, while the pipes fall unorganized into the reser-
voir and must then be oriented for further processing,
with an increased share of human labor.

— Cutting with a band saw across the entire cross-section
of the steam generator, i.e. casing and tubes together
(dry or in ice), with the fact that after placing the
cutting on the plate, it is necessary to remove the ring
of the casing and carefully disassemble the tubes and
arrange them in containers. Productivity is relatively
low and the operator is excessively exposed to contam-
ination or radioactive radiation.

— Cutting with an abrasive flexo disc attached to the
manipulator with simultaneous rotation of the steam
generator. This technology creates a significant dust
component, requires frequent tool changes and oper-
ator exposure. Again, a disordered cluster of tubes is
formed [4].

3 Short description of the “StarGate”
fragmentation system

When choosing the optimal cutting technology, the prob-
lem was divided into two areas — cutting of the shell of SG
(diameter 3200 mm, thickness 75 and 140 mm) and cutting
of heat exchange tubes inside the SG (5500 pieces). Flame
cutting technologies were rejected by the customer as pri-
mary fragmentation technologies due to the increased risk
of environmental contamination.

When designing the system for cutting the shell, the
cutting technology with a milling cutting disc was chosen
as the most efficient. The development achieved an opti-
mal combination of cutting material and tool geometry. In

order to achieve the highest possible stiffness of the tool
guide, the concept of a closed circular guide of the cut-
ting modules was chosen, which is unique in the field of
horizontal SGs. This arrangement allows a continuous cut
to be made around the entire circumference of the casing,
thereby separating the entire annulus without operator
intervention in a contaminated environment. In addition,
it enables automated or remote-controlled movement of
the frame with cutting modules in the direction of the PG
axis to the next cut [5,1].

The size of the chips produced under such condi-
tions excludes contamination of the environment, which
is extremely important when cutting radioactive materi-
als.

The construction of the cutting modules themselves,
unlike other manufacturers, uses the wedge principle of
tool feed based on pre-tensioned rolling elements, which
results in unrivaled rigidity and the resulting unique cut-
ting speed of 1.7mm/s with a wall thickness of 140 mm.

The entire process is fully automated with intelligent
control optimizing cutting parameters based on informa-
tion from the multisensory system.

The uniqueness of the mentioned solution is protected
through the utility model No. 9250 and European patent
No. EP21203183.5.

A robotic system with 7 degrees of freedom was
designed for cutting internal heat exchange tubes
(5500 pieces), where a cutting module with a high-speed
circular saw for dry cutting is used as an effector. The
design of the robot was statically and dynamically tuned
so that it was characterized by high rigidity and at the
same time damped the vibrations from the cutting pro-
cess [2,5].

The material of the saw and the cutting geometry of
the blades were designed in such a way that, despite high
speeds (approx. 1400 rpm), chips of sufficient size are cre-
ated, guaranteeing the minimization of contamination of
the surrounding environment.

The cooperation of researchers from the field of
machining technology with researchers from the field of
machine building and robotics has borne fruit in the form
of unique pipe cutting parameters without additional fix-
ing (3mm/s with 4 rows of pipes per shot).

A special benefit is the high degree of automation of
the entire process. This includes not only the cutting itself,
but also the fully controlled removal of the cut pipes into
the collecting basket, which is part of the cutting mod-
ule, and its subsequent emptying into a transport con-
tainer or intermediate storage. This unique solution is
protected by utility model No. 9249 and European patent
No. EP3984673.

In both cases, intelligent control with a multi-sensor
system evaluates cutting conditions and maintains opti-
mal parameters for the cutting process. This, combined
with the high rigidity of the robot and the support struc-
ture for shell cutting, as well as the optimized tool design,
achieves cutting speeds that are world-leading, not only
in Europe.

The process control can be fully automated or com-
bined with teleoperation, minimizing operator radiation
exposure to levels that are currently unique worldwide.
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Table 1. Technical data of the TM200 manipulator with platform.

Parameter Value

Max. device travel speed 100 mm/s
Unidirectional accuracy of the manipulator + 1mm
Unidirectional repeatability of the manipulator 4+ 1.5mm

Rated load capacity 200 kg

Parameter Value

Transport length/max. reach 6000 mm/7250 mm
Transport width/max. reach 1400 mm /2400 mm
Transport height/max. reach 2000 mm/4100 mm
Manipulator weight 1250 kg

Platform weight 1100 kg

Actuator 6
(Linear drive 3)

Sensor 4 Sensor 3

Actuator 5
(Linear drive 2)

Cable gland

Sensor 2 ﬁ e R

Carousel

Motor 6

Bearing
reducer

Motor 4

Fig. 1. Placement of selected components on the TM200 manipulator.

3.1 Description of the methodology for calculating the
trajectory accuracy of the end effector

Given that a particularly important property of the
robotic system is the accuracy of the end effector trajec-
tory, which affects the technical parameters of cutting and
the service life of the tool, we will address it in more detail
in the following section.

Technical description of the robotic system:
The technological manipulator TM200 itself consists of
5 kinematic pairs, equipped with separate electric drives
from B&R. The first axis of the manipulator (carousel) is
equipped with a pair of drives mounted with direct plan-
etary gearboxes from B&R. The second to fourth axes
of the manipulator contain linear electric actuators from
Bosch Rexroth equipped with ball screws. The fifth axis of
the manipulator is fitted with a Twinspin cycloidal gear-
box from Spinea Presov. The end part of the manipulator
is equipped with a special non-standardized square-shaped
output flange for the connection of tools.

The manipulator is attached to the transverse travel of
the platform. The manipulator platform allows movement

in two mutually perpendicular axes. The transverse travel
of the platform is implemented using a kinematic pair of
pinion — rack, and the movement is ensured by rail guides
from HIWIN. The longitudinal travel is implemented by
a system of 4 flanged wheels, utilizing a secondary chain
transmission. The wheels roll on a pair of rails, which also
serve for the transfer of other equipment in the workplace.
The movement of the platform is realized by three iden-
tical B&R, electric servomotors. The longitudinal travel
is implemented using 2 planetary gearboxes from B&R.
Table 1 shows the basic data of the manipulator with the
platform (both transport and working).

In Figure 1 a view is shown where the individual compo-
nents of the manipulator without the platform are located.

The working space of the TM200 manipulator is
expressed using homogeneous transformation matrices,
which are as follows:

1 0 0 0
o1 0k

To=1o 0 1 o (1)
00 0 1
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Fig. 2. Geometric parameters of the TM200 manipulator.
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The geometric parameters of the manipulator are shown
in Figure 2, where the constants have the following
values [mm] and [°]: (k2=1890.8; k3 =220; k1 =258.3;
L1=1860; L2=1730; L3=526.5; « (alpha)=10.35;
qlmin =16.9; qlmax = 74.2; q2min = 43.3; q2max = 149.4;
@3min=1 and gq3max =73.72).

The resulting transformation matrix is expressed as
the product of all transformation matrices in the order in

3000
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0-30‘00 -2600 -1000 0 1000 20‘00 30‘00
X [mm]
Fig. 3. Workspace of the TM200 manipulator in the X-Y
plane without tool.

which the individual transformations of the local coordi-
nate systems were performed.

Té = H T;:fl (9)
i=1

TS = ToT? TS T3 T TS T TS, (10)

In this way, the relation of the manipulator’s end effector
with respect to the global coordinate system located at the
base of the manipulator was expressed. The given mathe-
matical model was simulated in the Matlab environment,
which made it possible to obtain the resulting workspace
of the manipulator. The workspace of the manipulator is
shown in Figure 3, where the X-Y plane is displayed. A
more precise depiction of the workspace can be achieved
by reducing the step size.

The main tool used was a circular saw with a bas-
ket, equipped with a special saw blade with a diameter
of 355.6mm and a maximum thickness of 2.2mm. The
optimal speed is 1400 rpm, the optimal cutting speed is
1.7 mm/s, and the blade is mounted in a specially designed
device. This tool also includes a collecting basket, freely
rotatably attached to the lower part of the saw, which also
enables automatic emptying of its contents. During the
project, several versions of this tool were created, where
cutting conditions were tested, and above all the safe
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capturing of pipe fragments with a maximum length of
700 mm. The final version of the tool is shown in Figure 4,
where the left side shows a view of the mounted and cov-
ered saw blade. On the right side of the figure, the rotary
mechanism and the collecting basket are shown.

To determine the geometric characteristics of the
manipulator, verification tests were also carried out based
on the ISO 9283 standard. The following characteristics
were selected:

Pose accuracy (AP) — The difference between the
programmed position and the mean of the positions actu-
ally reached by the actuator’s end effector. The actuator’s
end effector must always approach the programmed posi-
tion from the same direction. The placement of the sen-
sors is implemented in three mutually perpendicular axes
(X,Y,Z). From the measured values, the unidirectional
position accuracy (AP) in the X,Y,Z axes is calculated
according to the following relations:

AP, = (f_mc) (11)
APy = (7 = ye) (12)
AP, = (2 - Zc) (13)

where (zc,yc,zc) are the programmed values and
(27,97, zj) are the actual (measured) values.
Where:

1 n

T= szj (14)
j=1
1 n

y= ﬁzyj (15)
j=1
1 n

z= Ezzj. (16)
j=1

The resulting value of the robot’s unidirectional accuracy:

AP =@ -2+ G-y + (-2 (17)

Pose repeatability (RP) — expresses the degree of con-
formity between the locations of the achieved positions

Fig. 4. Tool — saw with basket.

Fig. 5. Measuring sphere and placement of sensors.

after n repetitions of movement to the same programmed
position in the same direction.

From the measured values, the RP value is calculated
as the radius of a sphere whose center is the barycenter,
according to the following relations:

RP =1+35, (18)
where,
52l (19)
-1 &
z:Ele (20)
j=1
b=\ -+ -0+ (- 2% (@)

The coordinates of the barycenter of the achieved points
during n repetitions of the same position are calculated
according to relations (14-16).

Asdeclared by the ISO 9283 standard, the measurement
was carried out at the maximum operating speed used in
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Table 2. Calculated values of “Pose accuracy”.

Pose accuracy Average T (mm) Average § (mm) Average Z (mm) AP (mm)
AP50 (50% of load) 0.0017 —0.0223 —0.0017 0.0224
AP 100 (100% of load) 0.0600 —0.0065 —0.0756 0.0967

Pose accuracy AP

s AP 50

Value APg,(mm)

12 3 45

s AP 100

6 7 8 9 101112 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30

Measurement number

Fig. 6. Comparison of the unidirectional positioning accuracy of the manipulator.

Table 3. Calculated values of “Pose repeatability”.

assembly and commissioning, was sufficiently accurate. The
average values in the individual X, Y, and Z axes reached
an absolute value of at most 0.075567 mm. This value results

from the assumption of increased load in the Z-axis direc-

Pose repeatability S; (mm) [ (mm) RP (mm)
RP50 (50% of load) 0.0056  0.0119  0.0288
RP 100 (100% of load) 0.0166 0.0231 0.0730

tion relative to the global coordinate system of the manipu-
lator to a doubled value. Since the manipulator’s structure

the workplace (100 mm/s) and at two load values (200 kg—
100%; 100kg—50%). As the measuring component, a preci-
sion measuring sphere with a diameter of 60 mm equipped
with an internal M20 thread was chosen. The measuring
sphere was mounted on an M20 threaded rod, the other
end of which was fixed into the thread in the center of the
robot’s output flange. Smaller weights and lock nuts pre-
venting the loosening of the measuring sphere were also
placed on the threaded rod. The measuring chain consists
of three mutually perpendicular Heidenhain MT25 contact
sensors equipped with flat contacts, see Figure 5.

The measured data for the unidirectional positioning
accuracy of the manipulator were as follows, Table 2: the
measured and subsequently calculated AP50 data at half
load reached a value of 0.022399mm. When compared
with the required manipulator accuracy of 1 mm, we can
state that the robot, after assembly and commissioning,
was sufficiently accurate. The average values of the manip-
ulator in the individual X, Y, and Z axes reached an abso-
lute value of at most 0.022267 mm. This value is deter-
mined by the design, where the greatest compliance was
intended in the Y-axis direction, since this direction cor-
responds to the anticipated direction of the manipulator’s
impact on the steam generator during manual operation.

The measured and subsequently calculated AP100 data
at full load for the new manipulator reached a value of
0.096706 mm. When compared with the required robot
accuracy of 1 mm, we can state that the manipulator, after

is made of closed steel profiles, the greater weight on the end
part causes slight deformation of the manipulator arms.

In Figure 6 a graph of the unidirectional positioning
accuracy at half and maximum load is shown.

For the calculation of RP, the measured data from
the determination of AP were used. By subsequently sub-
stituting the obtained data into relations (18 to 21), we
obtained the following results, shown in Table 3.

In Figure 7 a graph of the unidirectional positioning
repeatability at half and maximum load is shown.

Based on the performed measurements and subsequent
calculations according to ISO 9283, we can state that the
AP and RP values did not exceed the parameters spec-
ified in the robot design. The maximum calculated AP
value (0.115318 mm) was lower than the specified value
(Imm). In the case of the maximum calculated RP value
(0.077061 mm), this value was lower than the specified
value (1.5 mm).

4 Major outcomes

The main differentiating parameters compared to the state
of the art are as follows:

— Higher production efficiency and work productivity,
comparable even to flame cutting. The complete frag-
mentation of a single steam generator (140 tons) took
45 days.

— A higher level of process automation and intelligent
optimization.
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Pose repeatability RP

= RP50

0,08
0,06

0,04

Value RPgo (mm)

0,02

0

s RP100

w
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Measurement number

Fig. 7. Comparison of the unidirectional positioning repeatability of the manipulator.

Fig. 8. Fragmentation system at NPP JE V1 in Jaslovske
Bohunice.

— Minimal radiation exposure for workers.

— Minimal aerosol generation and reduced spread of con-
tamination to the surrounding environment.

— Shorter fragmentation time, thereby reducing overall
costs (The complete fragmentation of a single steam
generator (140 tons) took 45 days).

Feasibility and quality of both inventions was approved in
application of prototypes in praxis at successful fragmenta-
tion of 12 pieces of steam generators in Nuclear power plant

JE V1 in Jaslovske Bohunice (Slovakia), finalized in 2023.
Now, in 2024 it is prepared for commercial utilization.

The StarGate fragmentation complex Figure 8 can be
used mainly in the disposal of steam generators in decom-
missioned nuclear power plants, but also in the case of
disposal of large heat exchangers or cylindrical tanks con-
taminated with chemicals, the dispersion of which into the
air would be a health or life-threatening hazard.

Due to its unique performance parameters and envi-
ronmental friendliness, the proposed fragmentation tech-
nology is becoming known to the professional public and
attracting the attention of world players in the field of
decommissioning NPPs. The first reaction was that sev-
eral experts, not believing that the claimed parameters
could be achieved, personally visited the fragmentation
workplace with the StarGate system to verify the data.
Subsequently, they invited the creators of this system to
cooperate in the preparation of bids for decommissioning
other NPPs in European countries.

5 Recommendations

— In current SG fragmentation solutions, it is often evi-
dent that cutting technology experts rely on an off-the-
shelf robot or roboticists use an off-the-shelf cutting
module. However, such approaches do not allow for
optimal utilization of the potential in both key compo-
nents of the technology. Only the synergy of specialists
from all key areas can lead to a unique solution whose
parameters and properties are “beyond the art”.

Initial tests of our first design concepts of shell cutting
modules showed that knee-lever structure cannot give
requested stiffness at reasonable size of its parts.

6 Final remarks

The interest of customers and the professional public
in StarGate results from the current renaissance of the
nuclear energy industry.

The number of new NPPs being prepared for con-
struction is increasing, which prompts the acceleration of
the process of decommissioning old NPPs, both to create
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space in established locations for this type of industry, as
well as to obtain higher efficiency of electricity production
in new NPPs. According to today’s data, there are almost
100 steam generators in the world awaiting fragmenta-
tion and further processing (IAEA). And we are ready
to serve.
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