Journal of Physics: Conference
Series

PAPER « OPEN ACCESS You may also like

- Reconstruction of Cyber and Physical

Cyber-physical predictive diagnostics system for Sofvare Usig Novel Spresd et
. . ubin Ma, su Deng an ongbin Huang
servos of mobile construction robots

- Development of cyber physical system
based manufacturing system design for

. . . process optimization
To cite this article: V Travush et al 2020 J. Phys.: Conf. Ser. 1687 012014 Anbesh Jamwal, Rajeev Agrawal, Vijaya

Kumar Manupati et al.

- Cyber Physical Systems implementation to
develop a Smart Manufacturing

P Morella, M P Lambén, J A Royo et al.

View the article online for updates and enhancements.

@ N =y DISCOVER
i = how sustainability

The - : intersects with

EleCtSrggg%f/niC&“ electrochemistry & solid

Advancing soid state & state science research

electrochemical science & technology

This content was downloaded from IP address 18.217.190.58 on 13/05/2024 at 04:48


https://doi.org/10.1088/1742-6596/1687/1/012014
https://iopscience.iop.org/article/10.1088/1757-899X/322/5/052010
https://iopscience.iop.org/article/10.1088/1757-899X/322/5/052010
https://iopscience.iop.org/article/10.1088/1757-899X/997/1/012048
https://iopscience.iop.org/article/10.1088/1757-899X/997/1/012048
https://iopscience.iop.org/article/10.1088/1757-899X/997/1/012048
https://iopscience.iop.org/article/10.1088/1757-899X/1193/1/012114
https://iopscience.iop.org/article/10.1088/1757-899X/1193/1/012114
https://pagead2.googlesyndication.com/pcs/click?xai=AKAOjss5Egt2q_1f8ZFPJ8XKc42z9h2esaIPaEbHMJuclbJyryM-rUZ_AQkvuMmYrlygDh8RUC33ajSacZx31mAvWRM_WeH5_QG10qd1OL0jah6a3MKAftXSUfcGFUxCDRtR6huF7kD4aT89M74EsOPtj2qXAmhXxWhoTsvrrx9sr2gHhQ4pbaLdA9sn0vD-rebJjquStmPQsuO4kQaVVNnQN8l_LrWYaW4pSM3yhsmJjlLMJBt8BcA5dSe51m04PPPRA7XVN9Je3IzpLwrYQnDOq6i3U4nKWmDpdKpX2cUyrSyNWtV3CjFevi9CPR060_HELEucu-9zfxoY_BAF9s3PMHXlZjvniw&sig=Cg0ArKJSzJmjkBdBDqgk&fbs_aeid=%5Bgw_fbsaeid%5D&adurl=https://iopscience.iop.org/partner/ecs%3Futm_source%3DIOP%26utm_medium%3Ddigital%26utm_campaign%3DIOP_tia%26utm_id%3DIOP%2BTIA

International Conference on Engineering Systems 2020 IOP Publishing
Journal of Physics: Conference Series 1687(2020) 012014  doi:10.1088/1742-6596/1687/1/012014

Cyber-physical predictive diagnostics system for servos of
mobile construction robots

V Travush', V Erofeev’, A Bulgakov’, T Kruglova®, D Svetlov*

1City Design Institute of Residential and Public Buildings, 5 Nizhniy Susalny Backst.,
Moscow, 105064, Russia

2Department of Construction Materials and Technologies, Mordovia State University
named after Ogarev, 68 Bolshevistskaya Str., Saransk, 430005, Russia

*Department of Mechatronic, South-Russian State Polytechnic University, 132
Prosvescheniya Str., Novocherkassk, 346428, Russia

*Joint Stock Company "Soft Protector", 5 Riding Str., St. Petersburg, 191002, Russia

Corresponding author’s e-mail: agi.bulgakov@mail.ru

Abstract. The article is devoted to solving the urgent scientific and technical problem of
increasing the operational reliability of mobile construction robots. The cyber-physical system
for predictive diagnostics of their servo drives is proposed. A five-level structure of a cyber-
physical predictive diagnostics system is proposed. A description of each level is provided. An
effective set of diagnostic parameters for predictive diagnostics of servo drives has been selected.
A method is proposed to distinguish a faulty state from a load change based on wavelet transform
and neural networks. A method for predicting the technical state of construction robots and
electric motors based on neural networks has been developed. A fuzzy decision-making model
based on the results of predictive diagnostics to optimize the trajectory of a mobile construction
robot is described in detail. This allows to significantly extend the operational life of the mobile
construction robot to eliminate sudden malfunctions and downtime of the construction site.

Keywords: Cyber-physical system, construction robots, servos, predictive diagnosis, neural
networks classification, fuzzy decision-making model.

1. Introduction

The increasing requirements for reliability and efficiency of construction robots entails the need for
constant monitoring of the technical condition of all final controlling drives with further optimization
it’s operating mode and equipment as a whole. This problem can be solved using a technical condition
monitoring system incorporate into the robot's end-effectors.

Servos are the main executive elements of mobile construction robots. Many methods have been
developed for the servos technical condition predictive diagnosis [1-5]; however, they require complex
measuring equipment installed on the motor housings. It can have a significant impact on the mobile
robot operation. Also, the existing diagnostic methods do not allow performing a joint analysis of the
servos technical condition and optimizing robots operating mode taking into account its states. To solve
this problem, it is necessary to develop a system for continuously measure parameters with the special
sensors, analyze obtained information and determinate current and prediction technical condition and
defects, optimizing the parameters of the construction robot operation mode

The goal of the research is improving the construction robots reliability assumes o the computer
resources into physical process integration, i.e. application of cyber-physical systems [6]. In such
systems, sensors, final controlling drives and information systems are interacting with each other using
standard Internet protocols in order to predict and adapt to changes in operating conditions and the
equipment technical condition. The cyber-physical prediction diagnosis system structure include five
levels (Figure 1) [2].
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At the first level, sensors are selected and installed to the construction robots servos.
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Figure 1. The structure of the cyber-physical predictive diagnostic control system of a constructions
mobile robot.

The second level allow to choice methods for measurement and analyze of the diagnosis parameters
that will be used to servos malfunctions.

All models and current diagnosis information will be storage in cloud servers (level three). It will
be necessary for communication between construction mobile robot servos for the technological process
starts taking into account the state of a separate actuating element optimization.

At the fourth level, predictive technical condition diagnostic of each service servos is performed.

The fifth level provides for the construction mobile robot operating mode optimization, taking into
account the technical condition of all its servos.

During a cyber-physical diagnostic system development, the methods used for the technical condition
predictive diagnosis, as well as the method for the optima decision - making on the choice for the
construction mobile robot operating mode are of particular importance.

The application of the cyber-physical approach is to develop a diagnostic platform. The forecasting
systems will significantly improve the reliability of the constructions robots. Information links between
the robots at the constructions site through the Internet protocol will allow optimizing the entire
constructions process, depending on the technical condition of the executive equipment each drive. This
will maximize performance and minimize the likelihood of failure.

2. Method of research
The main component powering up the end-effectors of the robots is the servos which operate in a short-
time mode and must have a high overload capacity and dust and waterproof design criteria known as IP
standard. The available statistics [3, 4] shows that all engine failures of the aforementioned types are of
mechanical or electrical origin.

The most promising approach for servos technical condition determination methods is multivariable
diagnostics combine thermal, electrical and mechanical defects monitoring of operating voltage [5].
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This methods allow to determine the technical state, but at the present time, the analysis of diagnostic
information is currently done manually by troubleshooting experts, which is absolutely not cost
effective.

Hence, it is necessary to choose a list of diagnostic parameters that allow determining all possible
classes of defects, having accepted sensitivity features over the changes in the values of structural
parameters, minimum composition, accessibility for monitoring, measurement and software analysis
without operator’s involvement, cost and time effectiveness and sufficient degree of segregation when
recognizing individual defects.

Constructions robots operate in complex non-deterministic conditions with high alternating loads in
conditions of high humidity and dust; their drives are often installed on a mobile base. To identify their
technical condition it is necessary to develop methods and tools which minimum numbers of measured
parameters without complex, bulky measuring tools on the servo housing with the ability to
automatically analyze the measurement results [5].

The most common diagnostic parameters for servos are a partial discharge, supply and capacitive
current, vibration and temperature [6]. A comparative adequacy analysis of methods based on the control
of these parameters [7, 8], taking into account the limiting requirements, allows to make the following
conclusions:

— the diagnostic of mechanical defects in medium power engines, instead of vibration analysis,
harmonic analysis of motor feed currents (MCSA technology), harmonic analysis of capacitive
currents to ground (CTG technology) can be used:;

— as for the diagnostic of electrical defects, it is advisable to combine harmonic analysis of supply and
capacitive currents in the ground circuit.

Analysis of the majority of servos electrical and mechanical faults can be detected by monitoring the
supply and capacitive current.

The analysis of current supply harmonics (MCSA - Technology) consists in the decomposition of
the signal using Fourier transform and amplitude analysis at characteristic frequencies Each fault has
its own characteristic frequencies, including sub-harmonics, harmonics and intera-harmonics between
the spectral lines of the reverse frequency The analysis of the capacitive currents harmonics (CTG-
Technology) studies the capacitive currents to ground. In the case of vibration, the capacities change
with frequencies proportional to the vibration of the active part in the engine [9, 10], i.e. it is possible to
determine the regularities of vibration phenomena in the engine itself, and therefore it exceeds the
harmonic analysis of the currents feeding the motor in terms of information.

This diagnostic method measures the servo current using one of the following measurement schemes:
— low-frequency range representing the "mechanical defects": the informative characteristics of which

are supply current spikes in the "power supply wires or motor leads", these defects can be detected

by the harmonic analysis of the supply current (MCSA) during the galvanic analysis from the supply

wire or input into the motor (e.g. see Figure 2, a).

— circuit in the high-frequency range or "defects of the electric type": the informative characteristic of
which is the voltage surges on the "motor power wires". These defects are fixed by the measurements
of pulsations (voltage surges) on the motor power cables during galvanic analysis of capacitive
currents from the motor to ground (CTG) (e.g. see Figure 2, b).

At the “Cognition” level, methods of diagnosing and forecasting the technical condition of
constructions robots drives are chosen [11].

The existing methods for measuring and analyzing selected parameters have been described and a
method for analyzing diagnostic parameters is proposed, which made it possible to determine the technical
condition of the robot servos under various drive load conditions[12]. To implement this method, wavelet
transformation and neural networks for the classification of signals were proposed. It was further
established that any maternal wavelet may be used. Finally, the validity of the theoretical calculations and
the adequacy of the model were confirmed by the large volume of experimental studies.
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Figure 2. General scheme of galvanic connection for measurements and harmonic analysis of the
current feeding the motor a) for the control of "mechanical defects” (MCSA-Technology), b) for the
control of "electric nature” defects (CTG-Technology).

The method of contractions robot drives intelligent diagnostics is obtained. It allows to determinate
the technical condition and operation mode of the equipment using wavelet analysis and neural networks
in combination.

The servos technical condition diagnosis results are recorded to the cloud server and used to predict
the development of constructions robot defects. The input data for prediction are the wavelet coefficients
trend of current, voltage or vibration velocity diagnostic signals on characteristic scales for previous
periods of operation distributed over equal time intervals.

The three-level neural network was used for electric motors technical condition prediction,
combining a direct signal transmission network and a radial basic neural network [13]. The result of
forecasting is the number of maintaining workability time intervals. The proposed method will allow
implementing short-term and long-term forecasting of defects of each motor of the construction's robots.
It provides the necessary information to optimize the mode of operation of the constructions robots. The
results of diagnostics and forecasting are presented to users and transmitted to the mathematical model
of the object for further optimization of the robot operation mode.

Knowing the current and predicted state of the servo drive of each motor, it is possible to adjust the
operating mode of the entire construction mobile robot (Figure 3).

Figure 3. Four-wheeled mobile robot kinematic model.

A four-wheeled construction mobile robot with a differential drive can move in space in one of
three ways:

— using wheels D1 and D2 (front wheel drive);
— using wheels D3 and D4 (rear wheel drive);
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— using all four wheels (four-wheel drive) [13].
The current state of each servo can be attributed to one of the following classes of diagnoses is:
"11" — healthy without load;
"12" - healthy with load;
— "21" - fault without load;

"22" — fault with load.
The preferred mobile robot operation mode is four-wheel drive, therefore, if all servos are
serviceable and unloaded (D1 =D2=D3=D4="11") it is advisable to choose this mode.
If all servos are healthy with load (“12”) it is also advisable to use all-wheel drive.
If the front drives (D1, D2) work under a loaded, when the robot is travelling on a downward slope,

it is necessary to increase the load on the rear servos (D3, D4).
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Figure 4. Membership functions of fuzzy decision-making model: a) input functions; b) output
functions.

If the rear servos (D3, D4) are loaded, which corresponds to the upward slope movement, it is
necessary to increase the rotation speed of the front servos (D1, D2).

When one of the front drives (D1 or D2) is overloaded, which is typically when the wheel stuck, it
is necessary for the rear wheel (D3, D4) rotation speed increase of the same nomination.

If the rear wheel (D3, D4) is stuck, it is necessary to increase front wheels (D1, D2) load. Changing
the mobile motor operation mode occurs when the "21"or "22" condition of one of the drives is faulty.
If one or two rear-wheel drive failure, it is necessary to switch off the front-wheel drive and use rear-
wheel drive. If one front and one rear drive are faulty, it is necessary to stop the robot operation.

This logic scheme can be implemented using fuzzy logic model Mamdani which includes four inputs
and four outputs. The four states possible for each servo (Figure 4, a) as input parameters and current
operation mode for each mobile robot servo (Figure 4, b) as system outputs.

The output variables are set in the range [11]. The value "-1" corresponds to the servo shutdown; "0"

- use the current mode; "1" - increase the servo speed.
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The output control solution for each of the four wheels can be obtained using the algorithm [9], which
has the following form:

1. Itis assumed that the input variables have acquired some specific (clear) values x?,xJ,x2, xJ
and there are levels of "clipping" for the prerequisites of each of the rules:

t, = min| A, (), A (x2), A (X0), A (<9)] @
t, = min[A, (x°), A, (x2), A, (x2), A, (x0)] : @
ez, = min[A, (<), A, (x2), Ay (), A, (x2)] ©
t, = min[A, (x0), A, (<), A, (x2), A, (x)] @

2. Individual outputs are calculated for each rule

* *

y, = f; s y,="f.

3. The aggregate output of fuzzy logic system is calculated

f yi*
Vi =D 6)

i=1 Zai
i=1

An example of graphic interpretation of this fuzzy inference is the response surface (Figure 5).

After substitution of the coefficients which was determinate using fault diagnosis model [14]
showing the current state of each electric drive, for each of the four drives the coefficient defining the
required operating mode will be defined. The negative value indicates that the motor must be switched
off. If this value close to zero - the operating mode should be left unchanged. The number close to 1
indicates the need to increase the servo speed. The results of the decision-making model can be used to
optimize the trajectory of the construction mobile robot.

)

Power setting

Engine condition

Figure 5. The response surface of the intelligent decision model.
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3. Results and discussion
For experimental researches, a four-wheel all-wheel drive mobile robot was used to transport goods at
a construction site. Servo drives MAXON EC 60 with a power of 400 W are used as executive elements.
The cyber-physical system has been developed for this robot according to the structure shown in Figure
1. All drives are equipped with current sensors according to Figure 2 b.

The purpose of the experiment was to check the adequacy of the proposed diagnostic and decision-
making models. The experimental results are shown in Table 1.

Table 1. Diagnosis and decision making model experimental researches

Diagnosis results Decision — making model results
Front drive Rear servos Front drive Rear servos
D1 D2 D3 D4 P1 P2 P3 P4
11 11 11 11 0 0 0 0
12 12 12 12 0 0 0 0
12 12 11 11 0 0 1 1
11 11 12 12 1 1 0 0
11 11 21 11 1 1 -1 -1
22 12 11 11 -1 -1 1 1
11 21 21 11 -1- -1 -1 -1
21 21 21 21 -1 -1 -1 -1

In the first experiment (the first row of Table 1), a mobile robot drives across a flat area without a
load. As a result of diagnostics, it was found that all servos are in good working order, not loaded (state
11). The decision-making model shows that the mode of operation of the robot should remain
unchanged.

In the second experiment (second row in Table 1), the robot is traveling on a flat surface with a load.
As a result of diagnostics, it was found that all servos are properly loaded (state 12). The decision-
making model shows that the mode of operation of the robot should remain unchanged.

In the third experiment (third row of Table 1), the robot drives up the slope without load. In this case,
the diagnosis model shows that the front-wheel drive servos are loaded and the rear-wheel drive servos
are not loaded. In this case, all drives are serviceable. In this case, the decision model suggests increasing
the load on the rear wheel drive and leave the operating mode of the front drive unchanged.

In the fourth experiment (the fourth row of Table 1), the robot drives without load down the slope.
In this case, all drives are serviceable. The rear-wheel drive servos are loaded and the front-wheel drive
is unloaded. In this case, the decision model suggests increasing the front-wheel drive load and leaving
the rear-wheel drive load unchanged.

In the fifth experiment (the fifth row in table 1), a resistance of 2 ohms was introduced into the stator
winding of the D3 drive, which simulates a stator malfunction. The robot rides on a flat surface without
load. In this case, the diagnostic system indicates that the D3 drive is faulty without load (state 21). All
other drives are OK without load (state 11). In this case, the decision-making system proposes to disable
rear-wheel drive and increase the load on the front, that is, switch from all-wheel drive to front-wheel
drive.

In the sixth experiment (the sixth row in Table 1), a resistance of 2 Ohm was introduced into the
stator winding of the D1 drive, which simulates a stator malfunction. The robot travels up an incline
without load. In this case, the diagnostic system indicates that the D1 drive is faulty loaded (state 22).
The D2 drive is healthy and loaded. Motors D3 and D4 are healthy without load (state 11). In this case,
the decision-making system proposes to turn off the front-wheel drive and increase the load on the rear-
wheel drive, that is, switch from all-wheel drive to rear-wheel drive. A similar solution is to turn 180
degrees and keep driving in front wheel drive. This decision can be made depending on the technological
process in which the robot works.
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In the seventh experiment (seventh row in table 1), a resistance of 2 ohms was introduced into the
stator winding of drives D2 and D3, which simulates stators malfunction. The robot rides on a flat
surface without load. In this case, the diagnostic system indicates that the D2 and D3 drives are faulty
off load (state 21). Actuators D1 and D4 are OK without load (state 11). In this case, the decision-
making system recognizes the robot as faulty and offers to turn off all its drives.

In the eighth experiment (the eighth row in table 1), a fault was introduced into the stator winding of
the drives of all four drives. The robot rides on a flat surface with a load. In this case, the diagnostic
system indicates that all drives are faulty with load (state 22). In this case, the decision-making system
recognizes the robot as faulty and offers to turn off all its drives.

It can be seen from the experiment that the cyber-physical system controls of the servos construction
mobile robot is performed in groups (front and rear drives). In case of correct operation of the drives of
both groups, the operating mode of the robot remains unchanged. In case of faulty drives of both groups,
the operation of the robot is terminated. In the event of a failure of one of the drives in the group, the
drives of this group are switched off and the load on the other group increases. In the event of a
malfunction of one of the two drives of the group, the operation of the robot stops.

4. Conclusion

In this paper, the design of five levels the cyber-physical predictive diagnostic system is determined and
the operation of each level of the system is described. This system use fault prediction diagnosis method
allows to determinate electric motors technical condition distinguishing it from the load changes and the
number of maintaining workability time intervals. The results of the decision-making multidimensional
method for the constriction robot movement trajectory optimization taking into account its drives wear
and technical condition.
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