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Abstract —

This article studies the development of a cyber-
physical prediction diagnosis system for electric
drives of the construction robots. The structure of the
five level diagnosis cyber-physical system is described.
The optimization problem with the configuration
level of the cyber-physical diagnostic system is formu-
lated. The problem of determining the optimal trajec-
tory for a mobile construction robot taking into ac-
count the wear of its electric drives is presented. As an
example, a construction four wheels mobile robot
with a differential drive is considered. The task of the
robot is the alignment of the construction site, which
involves its sequential bypass. From the standpoint of
wheels drives wear, the trajectory is considered opti-
mal if the robot makes approximately equal number
of right and left side turns. To design a mathematical
model for optimal trajectory determination, graph
theory and probabilistic algorithms is proposed. The
presented model does not take into account the soil
structure and the working space inclination.
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1 Introduction

Reliable construction work entails the need for contin-
uous monitoring of the technical condition of all its actu-
ators with further optimization of their mode of operation
and consequently of the entire technological process as a
whole. This can be achieved by using a technical condi-
tion monitoring system built into the robot's end-effectors,
which continuously measures parameters and analyzing
the information obtained and determining the current and
future technical condition, and optimizing the parameters
of the object's operation mode. Implementation of this
approach assumes the integration of computing resources
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into physical processes, i.e. application of cyber-physical
systems [1]. In such systems includes, sensors, mechanical
equipment and information systems are connected during all
stages of the life cycle and interact with each other using
standard Internet protocols. This allows to predict and adapt
to changes in operating conditions and technical condition
of the equipment. The structural scheme of the cyber-phys-
ical predicting diagnosing system of the construction robot
is shown in Figure 1.

The cyber-physical predicting diagnosis system has
five levels: connecting, conversion, cloud, cognition and
configuration [2].

At the “Connection” level, an effective set of diagnos-
tic parameters and the sensors for its measurement are se-
lected. The sensors should be designed for self-connec-
tion and self-monitoring of the state of the object.

At the "Conversion" level, the values of diagnostic pa-
rameters are measured and their necessary transfor-
mations in the case predicting diagnostic methods.

Storage and processing of large amounts of diagnostic
information is carried out in cloud servers. This will al-
low the information flow and communication between
the drives of various construction robots. Based on that,
the optimization of the technological process starts taking
into account the state of a separate actuating element.

At the “Cognition” level, methods of diagnosing and
forecasting the technical condition of construction robots
drives are chosen [3].

These methods must meet the following requirements:

— the possibility of assessing the technical state in real time;
minimum composition of the measured parameters;

— the absence of complex bulky measuring equipment
installed on the drive housing, which can affect the oper-
ation of process equipment;

— possibility to use on a moving object with high humidity
and dustiness; applicable for DC and AC motors;

the ability to automatically analyze the measured pa-
rameters;


mailto:a.bulgakow@gmx.de
mailto:tatyana.kruglova.02@mail.ru
mailto:thomas.bock@br2.ar.tum.de

36" International Symposium on Automation and Robotics in Construction (ISARC 2019)

5. Operation mode optimization

F

1. Diagnostics 1. Dhagnostics 1. Diagnostics
object object object
¥ ¥ 3
2. Sensors 2. Sensors 7 Sensors
4
3. Cloud

h 4

4. Technical condition
monitoring

Figure 1. Cyber-physical system of the technical condition prediction diagnosis for electrical drives: 1- Intel-
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— the ability to distinguish a malfunction from a change
in operating mode; the ability to record and store diagnos-
tic results in a cloud server and to provide the user with an
Internet protocol.

The results of diagnostics and forecasting are pre-
sented to users and transmitted to the mathematical model
of the object for further optimization of the robot opera-
tion mode.

At the “Configuration” level, the operation of the di-
agnostics object is optimized.

Construction robots operate in complex non-determin-
istic conditions with high alternating loads in conditions of
high humidity and dust. Their drives are often installed on
a mobile base, which imposes significant requirements for
the choice of methods and means of diagnosis such as:

— minimum composition of the measured parameters;

— the absence of complex bulky measuring equipment in-
stalled on the drive housing, which can affect the opera-
tion of process equipment;

— the automatically analyze the measured parameters.

Analysis of the majority of electrical and mechanical
faults of the electrical drive can be detected by monitoring
the supply and capacitive current, which can be measured
without the use of special sensors.
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level; 3-Cloud level; 4-Cognitive level;

For the “Cognition” level, a method for diagnosing
electric drives of building robots has been obtained [4],
which makes it possible, without using expensive measur-
ing instruments, to determine their current state of failure,
a malfunction from changing the operating mode. This
will increase the efficiency of such robots and the quality
of construction operations.

The main part of the cyber-physical system is the
“Configuration” level. It implements the task of optimiz-
ing the work of construction robots according to the re-
sults of diagnosing the technical condition of their electric
drives.

After the technical condition of each electric drive of
a construction robot is determined, it is necessary to opti-
mize the operating mode of robots in order to increase the
equipment life. Significant impact on the electric motor
life have loading conditions during operation. The diag-
nosis will significantly extend the uptime of the electric
drive and all equipment as a whole. To solve the increas-
ing the reliability of the electric motor problem separate
from the object where it is installed without taking into
account the operation of all other mechanisms is impossi-
ble. Therefore, this problem should be solved in a group
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of drives of an object operating in a certain technological
process.

As an example, consider a mobile construction robot
used to level the construction site. Tit have four independ-
ent electric drives, which are a mechatronic module “motor-
wheel” [5]. The task of the robot is to handle rough terrain
of a given geometry. In this case, the choice of the trajectory
of the robot should be carried out in such a way that the
wear of the drives of its wheels was minimal.

2 Robot Wear Model

Consider a model of a four-wheeled mobile robot with
a differential drive (Fig. 2). It is assumed that the robot is
driven in one of three ways:
1) using the wheels D* and D? (front wheel drive);
2) using the wheels D® and D* (tasks drive);
3) using all four wheels simultaneously (all-wheel drive).
The preferred option for controlling, all-wheel robot
drives, since the life of the wheel drive is consumed
evenly. However, in the event of a failure of one of the
engines, the control system can be returned to the front or
rear wheel drive.
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Figure 2. Model of a four-wheeled mobile robot
with differential drive

A complete failure of a mobile robot will be consid-
ered to be options for working on the right or the left pair
of drives (D! and D® or D? and D* in Figure 1) or on any
one drive, as this leads to a situation of uncontrolled
movement of the robot and unreasonable wear of working
engines. The degree of wear of the robot is the sum of the
degrees of wear of the drives of each wheel when perform-
ing a single technological operation t; (1).

P(t)=p"+p*+p°+p*, ()
where p', p?, p?, p* is the degree of wear when performing
a single technological operation of the drives D', D?, D?
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and D*, respectively.
The wear of the electric drive of each wheel is deter-
mined as a function of three arguments (2):

k —the soil properties variable (takes on the values:
1 - smooth hard soil, 2 - smooth loose soil, 3 - uneven
loose soil);

t. ~—the electric drive mode operation variable (0 - pas-
sive, 1- “full drive” mode, 2 - active front or rear drive
mode);

M., — the additional motor load variable in a turn ( for

drives D! and D? - the right turns, for D? and D* - the left
turns).

ground

fun

pl = f (kéround ’ﬁun’ Mtlurn)’
p2 = f (kSround ’tiun’ Mtirn)!
3 3 3 3 (2)
p = f (kground 'tfun' I\/lturn)’
p4 = f (kground ’t?un’ Mttrn)'

3 The Optimization Problem Formulation

For experiments in the proposed model of wear, the
following restrictions are introduced:

1) the robot moves on a horizontal working space
(Z=const);

2) the robot moves at approximately constant speed
(V=const).

The trajectory of the robot is selected depending on the
configuration of a specific construction site. Examples of
their forms are shown in Fig. 2
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Figure 3. The examples of the construction
robot working space

The robot working space being processed is divided
into n segments so that each of them uniquely defines the
limits of a single technological operation ti (i = 1..n) .
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For processing of construction sites (Fig. 3), it is nec-
essary to set a complex trajectory of movement taking into
account the wear of its electric motors.

The task of the robot is to fully implement the techno-
logical process (performing all its technological stages) so
that the total wear of Po electric drives is minimal (3):

R =Zn:P(ti)—>min :

i=1

®)

The wear Pq is assumed to be minimal when it is evenly
distributed between the drives D', D?, D® and D*is accepted.
It is possible to reach with the minimum difference between
the right (Mum@) and left (Mumq) turns (4):

Z I\/Iturn(R) - z Ivlturn(L) —> min.
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If for a particular construction site all its n segments are
represented as the corresponding graph T (V, E), the set of
vertices (V) uniquely corresponds to the field segments, and
the set of edges (E) logically defines possible transitions
between adjacent segments (technological operations), then
the mathematical problem of synthesizing the effective
trajectory G(Po) for processing the construction site can be
represented as follows (5) [6,7]:

G(P) = {ti f(t)= Z P(t,) — min, i =1...n},

Z =const,

V = const.
The graph representation options for partitioning the
working space of the robot (Fig. 3) are shown in Figure 4
accordingly.

®)

b)

Figure 4. Variants of the graph representation of the robot workspace

Possible solutions for the cases considered from Fig.
3a and Fig.3,b are followed:

G(Po) :{tO’tl’tZ't3’t4't5’t6't7’t8't9!t10’t11’t12}
G(Po) :{to’tl!tz'tsvt4’t5’t6’t7'ts!tg’tm’tn’tn}

To demonstrate the turns within the selected trajecto-
ries the turn matrixes G(M,,,,) is defined,

where 0 - turn within t; (not performed),

1-rightturn (M, qy)
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M
2 - left turn ( “‘m(L)).

Then the matrix G(M ) for each of the four pre-

viously defined trajectories will take the following form:
1st trajectory:

G(M
2nd trajectory:
G(M.) ={0,0,1,1,2,0,0,2,2,1,1,0,2,2,0}).

The selected trajectory can be considered optimal
from the standpoint of minimizing engine wear if the

turn

) ={0,0,0,1,1,0,0,2,2,0,0,1,1,0,0,0};

turn
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number of left and right turns for the indicated options of
trajectories G (P, ) approximately coincides.

For solving the formulated problem and the need to
solve it based on probabilistic algorithms (for example,
agent metaheuristics). [8-10]

4  Conclusion

In this paper, the design of a cyber-physical system
for diagnosing and predicting the technical condition of
electric drives of construction robots is presented. Fur-
thermore, the structure of the cyber-physical system con-
sisting of five levels is defined and the work of each sys-
tem level is also described. The optimization problem
with the configuration level of the cyber-physical diag-
nostic system is formulated. The problem of determining
the optimal trajectory for a mobile construction robot tak-
ing into account the wear of its electric drives is presented.
From the standpoint of wheels drives wear, the trajectory
is considered optimal if the robot makes approximately
equal number of right and left side turns. To design a
mathematical model for optimal trajectory determination,
graph theory and probabilistic algorithms is proposed.
The presented model does not take into account the soil
structure and the working space inclination.
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