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Fig. 1

(57) Abstract: Stabilization system for robotic vehicles that provides protection against tipping over, where the robotic vehicle is
equipped with robotic manipulator (8) on platform (7). The system comprises at least three outriggers (1) for expanding the working
range of the robotic manipulator (8) based on the degree of the load it is exposed to and the shift of the center of mass of the robotic
vehicle and its other parts that form the device as a whole with it, where each outrigger (1) is adapted for positioning along the vertical
axis in relation to the ground and each of these outriggers (1) contains its own tensometric sensor (2) for measuring the force against the
ground in the direction of the outrigger axis (1) for calculating a theoretical 3D model of the position of the center of mass of the device,
while at least two outriggers (1) are positionable in the horizontal plane using a horizontal extension mechanisms (3). The system further
comprises arithmetic computation unit (6) for controlling the positioning of the outriggers (1) and horizontal extension mechanisms (3),
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while the arithmetic computation unit (6) is further adapted for controlling the robotic manipulator (8), containing its own actuators,
and for monitoring the information about the magnitude of forces from the tensometric sensors (2) in the outriggers (1). The arithmetic
computation unit is configured for calculating a theoretical 3D model of the center of mass position given by all parts of the entire device
by its 2D projection onto the stabilization pattern given by the current geometric position of the outriggers (1) resting against the ground
at the ground level for the current and planned settings of all positionable parts of the device, including the robotic manipulator (8).
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Title: Stabilization system for robotic vehicle with tip-over protection

TECHNICAL FIELD

[6001] The invention refates {o a stabilization system for mobile devices on platforms with
robotic manipulators, {.e., especially o manipulation robotic vehicles that include at least,
and conveniently, three exiendable outriggers, used for extending the working range of
the robotic manipulator based on its workioad and shifts of the center of mass of the device
as 3 whole, optionally including an end effector connected {o the robotic manipulator. By
moving the extendable outriggers away from the center of the mobile device, usually a
robotic vehicle, a safe area is defined. The safe area defines a space, within which the
center of mass of the vehicle can be located without the vehicle tipping over or disrupting
the stability neaded 1o perform the required operations.

{0002] The system includes elements and means for defining a theoretical 3D model of
the center of mass, determined by all paris of the entire device, with the stipulation that it
based on the 2D projection of the position of the center of mass onto a stabilization pattern
given by the geometric position of the outriggers, resting against the ground at the ground
level for simulfaneous and planned setfings of all positionable pars of the device,
including the robetic manipulator, and for verifying and comparing the calculated value of
the center of mass and is 2D projection onlo the plane of the slabilization pattern in
relation {o the position of the center of mass. The svstem therefore also works proactively,
e, it is able 1o use the detected dala for predicting whether the requested position of the
and effector on the robotic manipulator will be safe. As a result of the calculation of the
center of mass using the arithmetic computation unit, the device does not perform any
risky movements if a dangerous or otherwise undesirable position or movement from the

point of view of the required stability is detected.

{3003} Furthermore, the invention also relates io mobile devices on platforms with robotic
manipulators furnished with this stabilization system, an advantage of which is a highly
accurate and stable positioning of the end effector and, at the same {ime, a significantly
extended working height of the end effector attached to the robotic manipulator in relation
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to the range of the vehicle base. To exiend the working range, the robotic manipulator can

be fastened to an additional lifting mechanism.

BACKGROUND ART

{0004] Some solutions for ensuring the stability of platform vehicles against tipping over
do already exist. One of them is the solution pursuant to document EP2772743B1, which
relates {0 a universal system for détesting the position of the center of mass, which can
accurately detect the positien of the center of mass not only of a container truck, but aiso
of various detection objects. It Is equipped with a panel, on which detection objects are
placed, springs that support the panel with a reaction force, an acceleration sensor for
delecling a return movement of the detection objects in the up-down direction, an angular
velocily sensor for detecting simple vibration movements of the detection objects around
the ceniral axis of vibration in the direction of the movement, and a limiting guiding part in
the X-axis direction for imiting the movement of the panel in the X-axis direction, while
the data processing device calculates the height of the center of mass in the up-down
direction from the central axis of vibration in the direction of movement o the center of
mass of the detection objects based on the detection resulis obtained from the

acceleration sensor and the angutlar velocily sensor.

{0005] Another solution described in CN107953040A relates fo an omnidirectional
storage mobile stand with a gravity monitoring function, which consists of 2 platform frame
and four sets of traveling wheels located in the lower part of the platform frame. This
omnidiresctional storage mobile sténd with a gravity monitoring function is characterized
vy the use of omnidirectional travel wheels thal are connected to the platform frame by an
pmnidirectional wheel support, with a pressure sensor installed between the
amnidirectional wheel supportt and the platform frame. All four sets of the road wheels are
equipped with motors, and these four molors can work simultaneously or independently.
The pressure of the four omnidirectional wheels is measured by a pressure sensor, based
on which the weight of the entire stand is calculaled. Howsever, this device, similarly to the

solution above, does not allow for changing the size of the area that defines a safe position
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of the center of mass for performing the necessary operations of the device beyond the
dimensions of the floor plan of the given device.

[0008] Ancther known solution, described in DE19827882A1, utilizes a method for
stabilizing vehicles, particularly for preventing them from tpping over about the
ongitudinal axis andior from skidding in the transverse direction, with a specified speed
parameter that defines the speed of the vehicle. Al least two vehicle speed limit values
are determined. One of the limit values is selected as a comparison parameter, usually as
a comparison parameter with the smaller value. Depending on the speed and comparison
parameters, a comparison is made, based on which necessary measures are applisd fo
stabilize the vehicle, espacially when the speed parameter is greater than the comparison
parameter, using at least the retarder and/or motor and/or braking on at least one of the
wheels. The vehicle speed is reduced 1o such a degree that the speed parameter resulling
from these measures is less than or equal 1o the comparison parameter. individual
operations are preferably performed pursuant to the difference between the speed
parameter and the comparison parameter. This solution only aims o prevent the vehicle
from tipping over, but ¥ does not contain any active slemenis suitable for extending the
operationsat capabilities of the vehicies. Furthermore, the solution is usually suitable only
for vehicles with a weight that is significantly grealer than the weight of the vehicles
considered in the invention in guestion.

{00071 The solution pursuant to US2017258811A1 addresses devices utilized for the
movement of people, particularly control systems of vehicles that are subject fo stricter
safety and reliability requirements. The subject of the solution is supposed {o be a reliable,
fight, and siable movement device that is able to automatically react o situations that
affected users normally encounter, such as obstacles in the path, slippery surfaces,
tpping over and component failures. The solution includes an active stabilization
processor that estimates the poséﬁm of the center of mass of moving devices, with the
stipulation that the aclive stabilization processor estimatles al least one value associated
with the moving device, needed for maintaining its balance based on the estimated center
of mass, while the power base processor actively balances the moving device on at least

two wheels based on at least one value. Once again, this solution does not contain any
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active elements for extending the operating range by adjusting the size of the stabilization

frame.

SUMMARY OF THE INVENTION

{0008} The invention relates {o a stabilization system for mobile devices on platforms with
a robotic manipulator.

{0009] The system includes at least, and conveniently, three oulriggers, which are
advantageously detachable fo ensure easy handling of the vehicle and #s passage
through the working environment. These outriggers can be positioned with the halp of
actuators, both vertically with respect to the terrain, and also along the horizontal plane
using horizontal exiension mechanisms, which means that the working range of the
robotic manipulator can be extended by moving these mechanisms away from the center
of the device basad on the given load and the change of the position of the center of mass
of the entire device. By moving the outriggers away from the center of the mobile device,
usually a robotic vehicle, a safe area, within which the center of mass of the vehicle can
be located without the vehicle Hipping over, is defined. To monior the force, with which the
oulrigger touches the ground, each outrigger is equipped with a tensometric force sensor
in the direction of the oulrigger axis, which is decisive for the calculation {calibration) of

the theoretical 3D modet of the center of mass position.

{0010} The system aiso includes a two-axis inclinometer for determining the direction of
the gravitational force vector relative {o the system.

10011] Furthermore, the system includes an arithmetic computation unit that controls the
positioning of the outriggers using actuators and horizontal exiension mechanisms. The
arithmetic computation unit is further adapted for controlling the robotic manipulator, which
contains #s own acluators, and ensures moniloring of the information related fo the
magnitude of the forces obtained from the tensometric sensors in the outlriggers.
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[0012] in the arithmetic computation unit, a theorstical 3D mode! of the position of the
center of mass given by all paris of the entire device is calculated by its 2D projection onte
a stabilization pattern given by the current geometric positions of the outriggers resting
against the ground at the ground level for the simultansous and planned settings of ail
positionable paris of the device, including the robotic manipulator, and for verification and
comparison of the value of the center of mass delermined by the calculation and its 2D
praojection onio the plane of the stabilization pattern in relation 1o the position of the center
of mass determined from the values measured by the tensometric sensors, which allows
for ensuring slability against tipping over for the planned position, including all
infermediate positions during the movement from the current to the future position of the
device with the possible inclusion of the effects of inerlia forces, as well as system
autocalibration for relfroactive determination of the position of the center of mass of the
entire device.

[0013] The technical effect arising from the data obtained from the tensometric sensors
processed by the arithmetic computiation unit is the verlfication of the device safety,
gnswring, among other things, that the device does not tip over or that there & no
unwarnted movement on the end effector, while the quality of the performed operations of
the end effector significantly improves and considerable volume of time is saved when
operating the device, which also saves the energy needed {o perform the movements of
the robotic manipulator, which extends the working time of the device when powered from

an accumulatior,

{0014} The use of the system in further description is particularly considered for devices
with a square or rectangular platform floor plan, with the stipulation that the use of the

system pursuant {o this invention is not limited by this fact in any way.

{0015] The system conveniently uses precisely three outriggers, the supporting parts of
which are adapted for being temporarily mounted beyond the ground plan of the device
platform, with the stipulation that one of the outriggers is adapied for a stationary fixation
o the platform using, for example, a fixed arm, while this conveniently detachable fixed
cutrigger is designed to be placed as far from the robotic manipulator as possible, usually
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ont the back site of the device, Le., i is a fixed outrigger that is not equipped with a
horizontal extension mechanism, while the other two extendable outriggers are adapled
far being mounied on the platform near the vertices of the device platform closer {o the
robotic manipidator, Le., usually in the corners of the platform on the opposite side of the
device in relation to the fixed outrigger, each of these two cutriggers being furnished with
a horizontal exiension mechanism, to which # is conveniently defachably fastened.
Because of the robusiness and rigidily of the oulriggers, these horizonfal exiension
mechanisms are adapied for being firmly mounted on the device platform in the same
plane to maintain a low cenfer of mass and identical Input paramelers for calculating a
theoretical model of the center of mass position. They can be conveniently mounted into
the sandwich structure of the platform. These horizontal extension mechanisms are used
for defining the working space of the center of mass position of the device in such a way
that the culriggers define a stabilization patlern, which is, in the case of three cutriggers,
a triangle, inside of which there must be a point given by the projection from the cenier of
mass of the device in the direction of the gravitational force vector.

{8016} The use of more than three oulriggers is not convenient due to the additional load
on the device and more complicated operational and computing condition. Three
outriggers in the geomelric conﬁgu-raiion of a general triangle were found o be an optimal
number in ferms of achieving the desired effect of the system.

[0017] in the preferred design Hlustrated on Fig. Ba through Fig. 5d, these sliding
outriggers with their horizontal extension mechanisms are mounted symmetrically to each
other i refation fo the longHudinal axis of the device and these extension mechanisms
can be of the same length, with the stipulation that their deviation in the direction away
from the center of the device is limited by thelr length, which depends on the angle
hetween these horizontal extension mechanisms. Fig. 5a and Fig. 5b show a variant with
iorizontal exiension mechanisms with a maximum oulrigger length, but with a reduced
muiual deviation, while Fig. 5¢ and Fig. 5d show a variant with shortened horizontal
extension mechanisms, but with a greater mutual deviation, which allows for a greater
fateral displacement of the center of mass of the device, but with a smaller working space
i1 the forward direction. Fig. 5¢ shows the movement direction of the davice and the
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nlacement area of the robotic manipulatar. The sliding oulriggers are oriented on the side
of the platform closer to the robotlic manipulator mounting area, which is considered 1o be
the front side of the vehicle, while the fixed culrigger is fastened to the rear side of the

platform. Fig. 5d shows the direction of the outrigger exiension.

{0018} In the second preferred design ilusirated on Fig. Ba and Fig. 6b, the sliding
cutriggers are of mulually different lengths, while the horzontal extension mechanism of
the longer sliding culrigger, which ensures a maximum extension, is adapted for diagonal
mounting on the platform in such a way that ifs end, opposite to the mounting point of the
outrigger, reaches 1o the rear part of the device where the fixed outrigger is mounied, and
the horizonial extension mechanism of the shorter siiding oulrigger s adapled for
fransverse mounting on the platform in such a way that its end, opposite {o the mounting
point of the oulrigger, reaches the mounting point of the longer sliding outrigger when this
meachanism is umed perpendicular o the longitudinal axis of the device. Fig. &b shows
the horizonial extension mechanisms of the outriggers in their maximum extension, while

Fig. 6a shows the oulriggers in a position as close to the platform as possible.

{80191 in the third preferred design Hllusirated on Fig. 7a and Fig. 7b, the sliding cutriggers
are of mutually different lengths, with the difference from the previous variant consisting
in the fact that the shorter horizontal sliding mechanism is placed approximately
perpendicular io the longer horizontal mechanism. Fig. 7b shows the horizontal extension
mechanisms of the oulriggers in their maximum exiension, while Fig. 7a shows the
oulriggers in a position as close to the frame as possible, which is particularly convenient
when the device platform moves within a limited space.

{60281 The system conveniently includes a counterweight {o stabilize the device and to
sompensate for the forces created by the deviation of the robotic manipulator andior by
the additional foad from the end effector, which is mounted in the end part of the robotic
manipulator, and this counterweight is adapted for being put on the device platform or
stand as far as possible from the mounting location of the robotic manipulator, which is
mainly responsible for shifting the position of the center of mass due {0 a change in the
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position of the end effector or of the robotic manipulalor and/or the lbad on these device

glemeants.

{00211 Furthermore, the system alse conveniently includes an accelerometer for
capturing the effect of exiernal vibration excitation on the end effector and for calculating
the dynamic effects of the movements performed by the device, while the acceleromeler
is conveniently adapted for being mounted in the end part of the robotic manipulator, i.e.,

it a close proximity of the connection point of the end effectior,

{80227 Moreover, the invention also conveniently relates {o mobie devices on platforms
with a robotic manipulator furnished with this siabilization system, the advantage of which
is highly accurate positioning and vibration stability of the end effector and, at the same
time, in relation {o the dimensions of the vehicle base, a significantly extended working
height of the end effector fastened to the robotic manipuiator, as well as the distance of

the end effector from the device cenler,

[0023] it was found that the stabiiézaﬁan system in queslion significantly improves the
characteristics of mobile devices with robotic manipulators from the perspective of their
use, especially when these mobile devices are designed for precise and stable
manipulation with end effeciors with a high working range of several meters, and which
can be used in indoor as well as cutdoor erwironments. For these purposes, the maobile
device can be equipped with an additional lifting mechanism, for example, a lifting post,
on which a robotic manipulator with an end effector is fastened, which extends iis
operating range. The main advantages of devices squipped with 3 stabilization sysiem
pursuant to this invention lie in the fulfiiment of the following requirements/criteria:

high accuracy of the end effector pesitéoning process within a general space due 10 the
possibility of using a supporting exiension system that ensures an extended working
space for devices with small floor plan dimensions,;

good device confroliability by a single operator;

high mechanical stability during the device operation and {franspori;

small dimensions for improved passabiiity,
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safety of operators and persons/objects in the proximily of the device,

utilization of the device batlery power supply o1 an increased degree of energy autonomy.

[0024] As a part of the system festing, s advantages were exploited by is
implementation into a mobile device for a precise positioning of the end effector, which is
a light drum designed for measuring surface reflectance, and the device equipped with
the system pursuant o this invention showed significant operational advaniages needed
{o meet the desired effects within the frame of a highly precise and stable positioning of
the light drum in the proximity of the device, including ensuring a high siability when
measuring surfaces at heights of a.bout 3 meters above the ground level.

{0025} The increased accuracy and reduced uncertainty of the target position of the end
effecior is given in this case by a serial concatenation of two or more different positioning
asystems info a positioning chain comprising of stabilizing oufriggers, an effector
positioning system consisting of a lifting column and a robotic arm, and a compensation
device, demonsirating an overall higher and modifiable rigidity and mass characteristics
of the currently moving patis of the positioning chain and a lower position uncertainty than
3 single positioning device of an equivalent working range and load capacity. The target
position of the end effector is achieved by a positioning device of the highest accuracy
connected in series based on the information about the current deviation of the end
sffector position from the target position, provided by the compensation device. An

axample of a compensation device is a camera connected to the end sffector.

Y0026} 1 is convenient when the robotic manipulator is a 6-axis robotic arm. Further, itis
advantageous that the {olal weight of the device, including the stabilization system, doss
not exceed 900 kg. Preferably, the total weight does not exceed 500 kg. Weight fimitation

is particularly relevant in relation to good device controllability by a single operator.

ERIEF DESCRIPTION OF THE DRAWINGS

{00271 Fig. 1 shows an axonomaetric view of a mobile device on a platform with a robotic

manipulator, which is eguipped with the stabilization system pursuant {o this invention,
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comprising of three outriggers equipped with tensometric sensors in an extended siate for
ensuring support against the ground, of which fwo outriggers are mounted in the horizonial
extension mechanism atlached o the front part of the device platform and one outrigger
in the rear part of the device is mounted {o the platform using an arm, while the figure also
shows a two-axis inclinometer, an arithmetic computation unit, and a counterweight, with
an indicated end effector used for fastening {o the end part of the robotic manipulator;
Fig. 2 shows an axonometric view of a mobile device on a platform with a robotic
manipulator as shown on Fig. 1, with the difference that the end effector on the robotic
manipulator is inside of the stabilization patiern:

Fig. 3 shows an axonometlric view of a mobile device on a platform with a robotic
manipulator as shown on Fig. 2, with the difference that the cutriggers are in a raised
pasttion along the vertical axis and do not touch the ground,

Fig. 4 shows an axonomelric view of a mobile device on a platform with a robotic
manipulator as shown on Fig. 3, with the difference that the horizontal extension
mechanism of the outriggers is in the retracled state, i.e., the outriggers are close {o the
device platform, which is a position suitable for moving the device in the field.

Fig. Sa shows a diagram of the mounting of the horizontal extension mechanisms on a
platform in a symmetrical arrangemaent, with the locations of the outriggers marked, whertse
the stationary oulrigger is on one side of the platform, while the sliding outriggers are on
the other side of the platform, where the connecting lines of the vertices passing through
the outriggers form a triangular siabilizalion pattern with a minimal area;

=ig. 5h shows a diagram pursuant o Fig. Sa, with the difference that the sliding outriggers
are expanded o thelr maximum extension, where the connecling lines of the vertices
passing through the outriggers form a triangular stabilization pattern with a maximum area;
Fig. 5¢ shows a diagram that differs from Fig. Ba in thal the horizontal extension
mechanisms are shortened o achieve a grealer lateral deviation of the outlriggers
mounted on them;

Fig. &d shows a diagram pursuant {o Fig. Sc, with the difference that the sliding outriggers
are expanded to their maximum exiension, where the connecting lines of the verlices

passing through the outriggers form a triangular stabilization patiermn with a maximum area;

10
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Fig. 6a shows a diagram of the mounting of the horizontal extension mechanisms on a
platform iy an asymmetrical arrangement, where the longer horizontal exiension
meachanism is mounted on the platform diagonally and the second, shorter harizontal
axtension mechanism is mounted on the platform transversely at the edges of the front
side of the platform, and i reaches o the longer horizonial extension mechanism at its
opposite end fo where the oulrigger is mounted;

Fig. &b shows a diagram pursuani to Fig. 6a, with the difference that the sliding oulriggers
are expandad 1o thelr maximum extension, where the connecting lines of the vertices
passing through the oulriggers form a triangular stabilization pattern with a maximum area;
Fig. 7a shows a diagram of the mounting of the horizontal extension mechanisms on a
platform 8 an asymmetrical arrangement, where the longer horizontal extension
mechanism is mounted on the platform diagonally and the second, shorter horizontal
axtension mechanism s mounted approximately perpendicularly to the longer horizontal
extension mechanism, and i reaches io the longer horizonial extension mechanism at ifs
opposite end to where the outrigger is mounted;

Fig. 7b shows a diagram pursuant to Fig. Ga, with the difference that the sliding outriggers
are expanded io their maximum extension, where the connecting lines of the verices

passing through the outriggers form a frianguilar stabilization pattern with a maximum area.

DETAILED DESCRIPTION OF THE INVENTION

{(G028] The present invention is further described by the following examples, which should
nol be construed as limiting the scope of the invention.

Example 1

10028] In one implementation, the system pursuant o this invention includes three
outriggers 1 for stabilizing the mobile device on platform 7 with robotic manipulator &,
where one ocutrigger 1 is conveniently mounted separately in arm 11 fasiened o platform
7, and the other two oulriggers are conveniently mounted ssparately to horizontal sliding
mechanism 3, whereby oulriggers 1 are driven by actuators for vertical positioning relative

o the ground, while the actuators mounted in horizontat sliding mechanisms 3 are used

11
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for positioning in the horizontal plane. To monitor the force with which outrigger 1 touches
the ground, each oulrigger 1 is equipped with tensomstric sensor 2 that monitors the force
in the direction of the axis of oulrigger 1, which is decisive for the calculation of the
theoratical 3D model of the position of the center of mass of the device.

{8030} Horizontal exiension mechanisms 3 of sliding culriggers 1 are adapted to be
conveniently mounted in the sandwich structre of the platform with one of their ends in
the refracled stale in the comers on the same side of platform 7 so that cutriggers 1 inthe

retracted stale are localed in a close proximity of the corner of platform 7.

{6031] Furthermore, o make the model for determining the position of the center of mass
more precise, the sysiem includes twe-axis inclinometer 4, which defines the direction of

the gravitational force vecior in relation to the sysiem,

{0032} Fusthermore, the system includes arithmetic computation unit 8 for controliing the
positioning process of outriggers 1 using actuators and horizontal extension mechanisms
3. Arthmelic computation unit § éé further adapted for conlrofling robotic manipulaior 8
with #is own acluators, which is mounted in area A in the front part of the platform, and the
unit also monitors the information about the magnitude of the forces oblained from

tensometric sensors 2 in oulriggers 1.

{0033] Arithmetic computation unit § is configured 1o calculate a theorstical 3D mode! of
ihe center of mass position given by all parts of the entire device by #ts 2D projection onio
a stabilization pattem, given by the geomelric positions of outriggers 1 resting against the
ground at the ground levsl, for the simulianeocus and planned settings of all positionable
parts of the device, including the robotic manipulator, and for verifying and comparing the
value of the center of mass determined by calculation and its 20 projection onto the plane
of the stabilization paltern in reia’(ién o the postition of the center of mass determined from
the vaiues oblained from tensometric sensors 2, which allows for ensuring stability of the
planned position against fipping over, including all intermediate positions when moving

from the device curent {o future position, while accounting for possible effects of inertial

12
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forces, as well as auto-calibration of the system o determine the center of mass of the

entire device by measurements instead of calculation,

Exampie 2

{0034] System pursuant to example 1 and fo the diagrams on Fig. 5a through 5d, where
stiding outriggers 1 with horizonial extension mechanisms 3 are adapted for being
mounted symmetrically fo each other in relation to longitudinal axis Q of device platform
7, while exiension mechanisms 3 are of ihe same length, with the stipulation that in one
implementation pursuant to Fig. Sa and Fig. 5b, horizontal extension mechanisms 3 have
a maximum length and a reduced mutual deviation, while In the variant implemented
pursuant {o Fig. 5c and Fig. &d, horizontal extension mechanisms 3 form a greater angle
helweaen each other, which allows for a greater lateral shift of the center of mass of the

device, but provides for a smaller working space in the forward direction.

Example 3

[0035] System pursuant to example 1 and to the diagrams on Fig. 8a and Fig. 8b, where
siiding oulriggers 1 have mutually different lengths, while horizontal extension mechanism
3 of fonger sliding outrigger 1, which ensures a maximum extension, is adapied fo be
mounied diagonally on platform 7, so that it reaches, with its end opposite to the mounting
ipcation of outrigger 1, o the rear part of device platform 7, where fixed outrigger 1 is
mounied, and horizontal extension mechanism 3 of shorler sliding outrigger 1 is adapted
10 be mounted on platform 7 transversely, so that is end opposite {0 the mounting location
of oulrigger 1 reaches up to the mounting location of longer sliding outrigger 1 when
mechanism 3 is rofated in a2 way that it is perpendicular {o the longifudinal axis of device

olatform 7.

Example 4

{3038] System pursuant to example 1 and {o the diagrams on Fig. Ta and Fig. 7b, where
sliding outriggers 1 are of mutually different lengths, with the difference from the previous
example 3 that shorter horizontal sliding mechanism 3 is adapled for being mounted

approximately perpendicularly to longer horizontal mechanism 3.
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Example 5

[0037] System pursuant o any of the previcus examples conveniently includes
counterweight § for stabilizing the device and for compensating the forces generated by
the deviation of robotic manipulator B andfor the additional load from end sifector 9, which
is mounted in the end pari of robotic manipulator 8, while counterweight § is adapted for
being mounted on platform 7 or the device stand as far as possible from the mounting
focation of robotic manipulator 8, which is mainly responsible for shifting the position of
the center of mass due to the change of the position of end effector § or of robotic

manipulator § andfor the load on these device elements.

Example &

[0038] System pursuant o any of the previous sxamples conveniently includes an
accelerometer for capturing the effects of external vibration on end effector 8 and for
calculating the dynamic effects of the movements performed by the device, the
accelerometer being advantageously adapted for being mounted in the end pari of robotic
manipulator 8, Le., in a close proximity of the connection point of end effector 8.

Example 7

{0638] A mobile device pursuant to Fig. 1 through 4 on platform 7 with robotic manipulator
8 equipped with a stabilization system pursuant to any of the previous examples, adapted
for high-precision positioning of end effector @ and, in relation {o the dimensions of
olatform 7 of the device, or vehicle, with a significantly extended working height of end
sffector ¢ allached o robotic manipulator 8 as well as of the distance of the end effector

from the davice center.

Example §

{0040} Mobile device pursuant {o example 7, where robotic manipulator 8 is a 6-axis
robotic amm, end effector 8 is a light drum [EP3548873] designed for measuring swrface
sflectance and weighing approximately 14 kg, and the {ofal weight of the device, including
the stabilization system, does not exceed 280 kg, while robotic manipulator 8 is fastened

{o platform 7 using a lifting mechanism that extends the operating range of end effector 8,
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while the total range of end effecior 8 is 3,180 mm above the ground level, while

maintaining ils great stability.

{00411 To increase the device passability, the width of platform 7, including the fastened
sliding outriggers 1, Is 590 mm and the minimum length of the device, including the fixed
outrigger, does not exceed 880 mm in order {o ensure the ability of the device b be
transporied by elevator syslems, while the length of the platform without fixed oufrigger 1
s 780 mm. The Universal robots UR18E modsl, currently available on the markel, was
chosen as the S-axis robotic arm. The light drum has been additionally equipped with two
regular RGEB cameras pointing slightly off axis in the direction of the light drum axis, one
depth camera and three fllumination units that are strong encugh for flash lighting, in order
fo achieve belter data collection planning, spatial magnification from a small, measured
sample. The device is equipped with a ballery for powering all electronic elements of the

device.

[0042] The direction of the gravitational force vector in relation to the mobile device
platform coordinate system is obiained from the inclinometer. We calculate the position of
the center of mass for individual cases of the movement of the robotic arm from the initial
{o the final position. Nexd, each planned movement position of the robotic anm is assessed
from the siabilily perspective. The predicted ground contact forces are monitored using
tensometric sensors, mounted in all outriggers. Should the permitted deviation of the force
obiained from the computation modet and the data measured on any tensometric sensor
iy the oulriggers, which is usually set at § percent, be exceaded, the planned movemeant

of the device is not carried out or is immediately suspended,

INDUSTRIAL UTILIZATION

10043] The system according to this invention is industrially utilizable by implementation
1 mobile devices equipped with a robolic manipulator to exiend the working range and
safely stabilize the device before or when performing high-precision tasks at a grealer
distance from the ground or center of the device or under increased load on the end
effector,
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LIST OF REFERENCE MARKS

1 ~ outrigger

11 - gutrigger am

2 ~ tensometric sensor

3 — horizontal extension meachanism
4 - iwo-axis inclinometer

5 — sounterweight

8 -~ arithmetic computation unit

7 ~ mobile device platform

8 —robotic manipulator

- and effsctor

8
A — mounting area of the robotic manipulator
O

~ longitudinal axis of the platform
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CLAIMS

1. Stabilization system for robotic vehicles that provides protection against tipping
over, where the robotic vehicle is eguipped with rebaotic manipulator (B) on platform {7},
characterized in that the system comprises:

~ at least three oulriggers {1} for expanding the working range of the robotic manipulator
{8} based on the degree of the load it is exposed {0 and the shift of the center of mass of
the robotlic vehicle and its other paris that form the device as a whole with #, where sach
outrigger (1) is adapted for positioning along the vertical axis in relation {o the ground and
gach of these oulniggers {1} contains its own tensometiic sensor {2} for measuring the
force against the ground in the direction of the oulrigger axis (1} for calculating a
theoretlical 3D made] of the ;}ositiaé of the center of mass of the devigce, while at least two
outriggers {1} are positionable in the horizontal plane using a horizontal extension
mechanisms (3}

- arithmetlic computation unit {8} for controlling the positioning of the oufriggers (1) and
horizontal extension mechanisms {3}, while the arithmetic computation unit (6} is further
adapted for controlling the robotic manipulator (8}, containing ifs own actuators, and for
monitering the information about the magnitude of forces from the fensometlric sensors
{2} in the outriggers {1}, while the arithmetic computation unit is configured for calculaling
a theoretical 3D model of the center of mass position given by all parts of the entire device
by its 2D projection onio the stabilization pattern given by the current geometric position
of the outriggers {1} resling against the ground at the ground level for the current and
planned settings of all positionable parts of the device, including the robotic manipulator
{8}, and is further configured for verifying and comparing the value of the center of mass
determined by calculation and s 20 projection onto the plane of the stabilization pattern
in relation {o the position of the center of mass determined from the values measured by
the tensometric sensors {2} for ensuring stability against tipping over for the planned
position, including all intermediate positions when moving from the current {o the future
position of the device, with the possible inclusion of the effects of inertial forces, and, at
the same time, auto-calibration of the system for determining the position of the center of
mass of the entire device, and a two-axis inclinometer {(4) for determining the direction of
the gravitational force vector within the device coordinate system.
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2. Stabilization system according to claim 1, characterized in that it includes exactly
three outriggers (1), the supporting parts of which are adapted for being {emporarily
mounted beyond the ground plan of the platform (7}, of which ene oufrigger (1) is adapted
for stationary fixation 1o the platform (7) and two sliding outriggers {1} are adapted for
being mounted to the platform (7) near the robotic manipulator {8) on the opposite side of
the device to the remaining culrigger {1}, each of these two sliding outriggers {1) being
provided with a horizontal exiension mechanism (2}, to which it is detachably fastened.

3. Stabilization system according to claim 1 or 2, characterized in that the horizontal
exiension mechanisms (3} are adapied for being mounted on the plaiform {7} in the same

plane andfor in the sandwich structure of the platferm (7).

4. Stabilization system according o claim 2 or 3, characterized in that the sliding
outriggers {1} with thelr horizontal extension mechanisms (3} are adapted for being

mounted symimetrically i relation to the longitudinal axis () of the platform {7).

&, Stabilization system according {o claim 4, characterized in that the horizontal

exiension mechanisms {3} are of the same length.

B. Stahilization sysiem according to claim 2 or 3, characterized in that the sliding
outriggers {1} with thelr horézontéi exiension mechanisms {3) are adapted for being
mounted in an asymmetric configuration, where one horizontal extension mechanism (3}
of the siiding culriggers {1} is adapted for being mounted diagonally on the platform {7},
so that iis end oppostie {o the location of the outrigger (1) reaches the opposite part of the
device platform {7} where the fixed outrigger (1} s mountad, and

the second horizontal extension mechanism (3) of the sliding outrigger (1) is
adapted for being mounted fransversely on the platform (7) in such a way that its end
opposite to the mounting point of the oulrigger {1}, when this mechanism {3} is turned
perpendicular 1o the longitudinal axis {O) of the platform (7}, reaches up o the location of

the sliding outrigger (1) of the first horizontal extension mechanism (3), or

18
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- the second horizontal extension mechanism (3} is adapled for being mounted
directly to the platform (7}, perpendicufarly o the first horizontal extension mechanism {3},
while its end opposile {o the mounting point of the outrigger {1) reaches o the first
horizontal extension mechanism {3).

7. Siabilization system according to any one of claims 1 {0 8, characterized in that it
includes a counterweight (5) for stabilizing the device and compensating the forces
created by the deviation of the robotic manipulator {8} andior the additional load in the end
effector {8}, which is mounted in the end part of the robotic manipulator {(8).

8. Stabilization system according {o any one of claims 1 {0 7, characterized in that #
includes an accelerometer for monitoring the effect of exdernal vibration on the end effecior
{9} and for calcudating the dynamic effects of the movements performed by the device, the
accelerometer being preferably adapted for being mounted in the end part of the robotic
manipulator {8} in a close proximity to the connection point of the end effector {9).

Q. Robotic vehicle with its platform {7) furnished with a robotic manipulator {8},
characterized in that it contains a siabilization system pursuant fo any one of claims 1 to
8.

10.  Robotic vehicle according (o claim 8, characterized in that the robotic manipulator
{8) s a B-axis robotic arm, the end effector (9} is a light drum for measuring surface
reflectance, and the iotal weight of the device, including the stabilization system, does not
sxceed 900 kg, while the robotic manipulator {8} is fastened {o the platform (7) using a

ifting mechanism, which extends the operating range of the end effector {3).
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Fig. 4
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