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For support of stable exploitation of various equipment types very often it is used computer applica-
tions, including special Computerized Maintenance Management Systems (CMMS). The diagnostic opera-
tions for equipment are the most important part of these CMMS. Often, the important aim of CMMS applica-
tion is differentiating of various types of equipment failures. It is especially difficult to make it at remote di-
agnostics of equipment, located at long distances. Results of diagnostics can be used for decision-making
about management of equipment operating modes (regimes), estimates of need of repair operations carrying
out and so forth. Networked Control Systems (NCSs) are implied in all spheres of human activity. In the field
of industrial production the development of those new technologies have been led to emergence of several
categories of industrial local area networks (field networks, cell networks, control and monitoring networks)
and several communication standards (Modbus, Profibus, FIP, Profinet and so fort). To improve quality of
diagnostic results, it is necessary to know the parameters dynamics for various components of the system. It
will allow, in particular, differentiating faults of control and communication systems, used for remote diag-
nostics and management of equipment. The main aim of this work — automating process of failure analysis
for remote actuator of wind turbine, located on remote site. This aim is reached due to application of NCS,
using connectionist methods. Authors utilized neural networks, which had the homeostasis property.

Keywords: wind turbine, wind generators systems simulator; network control systems, connectionist
methods, neural networks, homeostasis, internal environment, external environment
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O4cHp 4aCTO, KOTAA HY)KHO BBITIOIHUTH TCXHIYICCKOC OOCIYKHBAHHC OOOPYIOBAHHS, HCIOIB3YCTCI
MPOTPAMMHOC 00CCIICUCHHE ABTOMATH3HPOBAHHBIX CHCTEM YIIPaBICHHSA TeX00CmykusarueM (CMMS). Ynpas-
nseMble depes cetr cucteMbl (SCR) celiuac mpuCyTCTBYROT BO BCEX c(epaxX ACATCIFHOCTH YCI0BCKA. B obmac-
TH TPOMBIIUICHHOTO IMPOU3BOACTBA MOABJICHUC HOBBIX TCXHOJIOTHH NPHUBCTI0 K BOSHHKHOBCHHUIO JIOKAJIbHBIX
TMPOMBINLICHHBIX CCTCH CIICAYIOMIMX KATCTOPHI: MOICBBIC CCTH, IICXOBBIC CCTH, CCTH KOHTPOJIS U YIPABJICHHUA
Kpome Toro, Ob110 pa3padoTaHO HECKOIBKO CIICIHATBHBIX CTAHAAPTOB CBA3H, BKMo4Yad Modbus, Profibus, Fip,
Profinet u ap. Llens nanHO# paboTHl — PEIICHHE 337129 ABTOMATH3ALHH AHATH3A OTKA30B BETPOAIICKTPOTCHEpa-
TOPOB, BHIPAOATHIBAFOIIIX 3JICKTPOIHEPTHIO 32 CUET CHIIbI BeTpa. PaccMarpuBaeMble 3aJa4u OTHOCATCS K 00-
JACTH JUCTAHIHOHHOW AWATHOCTHUKH (TEIEIHArHOCTHKH). [ Ipr 3TOM B pa3pabOTaHHOH aBTOpaMH CHCTEME MO-
HUTOPHUHIA HCHOJB3YIHOTCA MCTOABI HCKYCCTBCHHOI'0 MHTCIUICKTA, OCHOBAHHBIC HA AJITOPHUTMAX pa60T1>1 HEH-
POHHBIX CeTefI, o6na;[alomnx CBOMCTBOM TOMCOCTA3HuCA; KOHHCKTHBHCTCKHX MCTOAOB.

KiroueBbie ci10Ba: BETPOIIICKTPOTEHEPATOP, CHMYJLITOP BETPORICKTPOTCHEPATOPA, YIIPABILICMbIC
UCPpE3 CETh CUCTCMBI, MCTOABI HCKYCCTBCHHOTO HHTCIIJICKTA, AUCTAHINUOHHAA TUATHOCTHKA, HGprOHHBIe CCTH,
TOMEOCTA3HC, BHYTPESHH CPEeIa, BHEIIHSS CPeaa
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Introduction. With the development of automated systems and electronics (Actuators Sen-
sors Interface Of Communication Circuits - ASICs), the reducing of costs and the current need to
better manage of production system, that receive data related to an application as soon as possible,
consult, control or modify the parameters of a remote application have emerged new wiring and
communication technologics among the various components of automation. Also they ensure the
diagnosis or maintenance of remote actuator.

Nowadays Automated Production System (APS) has important features which include integra-
tion of computation, control, and communication in a reliable system that can increase the performance
of the process. The peer-to-peer architecture, which can connect the central computer or programmable
controller (PLC) to sensors and actuators of the installation depending on whether you chose automa-
tion oriented to «system» or to «problemy, is no longer sufficient because of the complexity and physi-
cal features increase of the latter. The introduction of the architecture of common bus communication
network allows optimize the reliability, efficiency, and flexibility of these applications thus solving the
problem of higher cost — by reducing time of implementation and maintenance.

The interest to the study of NCS (Networked Control Systems) is not new [3, 12, 15, 19].
The main characteristic of NCS is the information (the set point, the output signal, the control laws)
which is exchanged between various components of the system (preactuators, actuators, sensors,
and controllers) through a communication network.

The key problem of NCS monitoring is to detect first faults, affecting at the whole system
and also to distinguish faults of communication channel (congestion or collusion of information,
loss of data, and delay in the communication) from those of the target driven or controlled. In this
area there are also several important works, such as Nilson [16] and Zhan et al. [21].

The aim of our work is to automate the failure analysis of remote actuator by applying tele-
diagnosis of NCS with the usage of connectionist methods (known as neural networks). This meth-
odology is applied to operation control of wind turbine, located on isolated site. The structure of
this paper is the following: at first it is presented the study of environment for networked controlled
systems and its specificities; at the second step it presents the transmission network; at the third
step it has been analyzed the results of our simulation; finally a conclusion is derived.

Environment study system controlled network. NCS is a control system in which the con-
trol loops are closed through a communication network — as shown in the block diagram of figure 1.

Actuains —_— Sysiem — S0 TS

wit - Tp i)
r=—=——-=—=—==="======—==c==—==—====F=-=3
|
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Fig. 1. Block diagram of a conventional system controlled network
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For such system, the data arrive from the sensors to the controllers with a delay 7. gener-

ated by the communication network and controllers, and reach the actuators with a delay 7z, in-
duced by the network controllers and actuators. The input control signals u(z —7,) and output sig-
nals y(r—7;) have respective delays of 7,/ and7, These delays may influence the performance

and robustness of NCS components and can lead to significant degradation of control or diagnostic
effectiveness of entire system [4, 13].

Control and diagnosis of NCS are based on dynamic models with a delay. Characteristics
depend on several parameters such as transmission protocol, length of the network, network load
and interconnection equipment of various system devices. Currently, the modeling of NCS can be
subdivided into three categories (fig. 2): from modeling 'tools of physics and mathematics (knowl-
edge models); modeling tools using industrial data (logic models); modeling tools from mathemat-
ics learning (models without a priori).

The paper refers to a combination of knowledge models of actuators (generator coupled
with a wind turbing) obtained by the deterministic method in direct chain of system command, and
in the feedback chain the «model without a priori» method.

Methods in the diagnosis of
networked control systems

Models without a

Knowledze models Logic models priori

Fig. 2. Classification of methods of NCS diagnosis

The learning environment of networked control systems is used in this work and is named as
NNWinTurbLab (Wind Turbine Neural Network Laboratory) - it is far from being a CMMS in a
classical sense. We developed a wind simulator with a convenient for usage graphical interface. The
NNWinTurbLab allows the linkage between two software types - such as MATLAB and Excel. This
linkage is intended to access models of rotary electric actuators, to wind motors (rotors), which can be
coupled to obtain various types of wind turbine, behavior patterns models and wind energy produc-
tion exploration models implemented with MATLAB with its Simulink component [8, 9, 14]. This
simulator has the ability to use the remote switch CODIS, allowing a remote equipment monitoring
and control, providing a usage of remote diagnostic systems based on neural networks with connec-
tionist methods, utilizing homeostasis.

In the development of laws for controlling systems and processes, the notion of «internal
environmenty and «external environment» is an essential one. The perfect machine, to which the
control engineer tends to mimic in recent years through its models, being human. It was admitted in
the late 19-th century by the famous assertion of La Mettrie and Cabanis brain secretes thought as
the liver bile, «that the brain is the control center of the body» [3, 8].

This concept of «internal» and «external» environment expresses the correspondence be-
tween a living organism, a living body, and an internal environment that ensures the biological
unity of the animal and gives its autonomy in the external environment [5].
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The principle of the survival or the conservation instinct, that animates all living things, is
expressed by the need for a constant of this internal environment which is called homeostasis. It
reports on the existence of restoring forces whenever requested, under the influence of variations of
internal environment to take abnormal values [5]. The two corollaries of homeostasis are stability
and adaptability:

o stability, because the constancy of the internal environment means the ability to resist
changes in external and internal environment;

e adaptability, which expresses a causal relationship between the perturbations and the
regulatory mechanisms, they have caused.

The formulation of diagnosis is fundamentally based on the strength of industrial process to
changes in the external and internal environment. Once the level of resistance is weaken or inhib-
ited the causes of this weakening or inhibition would define the diagnosis. The state of homeostasis
of industrial system is achieved by the supervised self-organizing properties and universal ap-
proximation of neural networks [8], driven by a remote data acquisition device.

The problem of stability and control of NCS has been demonstrated in [18]. However it is the
deterministic models of Ye et al [20] developed under the diagnosis of CRS that will hold our atten-
tion. It is used in this case a discrete state observer to generate residues from system equations (1):

{ x(k+1) = Zx(k) + EO (z, u(k) +£_31 (zu(k-1)+ Eff(k) 0
y(k) = Cx(k) ’
where x is the state vector (x € R™); # — is the input vector (2 € R™); y is the output vector (y € R); 7, 1s the

h-ai
constant; A =e™” is the state matrix; /4 is the sampling period; B,(z,) = je*‘”Bdt avec(i=0,1,---m) is
h-ai-1
the input matrix; t,, is the maximum known delay; 1 is the delay, imposed between sensors / con-
trollers and controllers / actuators; ¢; is the moment when the command u(k-1) arrives at the actua-

tor to the k-th sampling period and f (k)= IoheA(h’t)B +f(kh+1)dt with By designating the matrix

influence of defects; C = C is the output matrix.
Expressing the state observer through its gain, we receive the equation (2):

{fc(k +1) = A%(1) + Bu(k) + L(y(k) — CR(k))
y(k) = Cx(k) ’

where L is the gain of the state observer and:

2

h
B =[e"Bdt=B,(z,)+ B (z,).
0

The residual (k) is obtained as follows:
r(k)=V(y(k)— y(k))
rtk+)=V(k+1)— y(k +1)) , 3)
=VC[(A - LC)e(k) ~ B, (z,)Au(k) + B, £ (k)]
where Au(k)=u(k)—u(k—1); e(k)=x(k)—x(k) is the estimation error; r(k) is the residual

vector and ¥ € R™ and orthogonal to C € R™is the projection matrix.
From the residue expression of (3) we notice that it depends on both the observation error

e(k) of the delayed input Au(k) and faults /{%). In case whenz, =0, B,(r,) =0 generates the fol-

lowing conditions: #(k) = 0 which implies ffk) = 0 and r(k) =+ 0 then f{k) £ 0. In this case the resi-
due signal depends both of a delay and a defect. A study of the sensitivity of residual r(7) could
identify the parameters that affect it [4, 11].

206



IIPUKACIIHMCKHUM JKYPHAA:
yIIpaBA€HHE H BbICOKHE TexHoaoruu Ne 3 (31) 2015
HHPOPMAILITHOHHO-N3MEPHUTEABHBIE H YIIPABASIIOIITUE CHCTEMBI

Ye et al [20] used the space parity for the robust diagnosis of NCS compared to the de-
lay 7, (a bounded delay) using Taylor approximation property of order 1 which yields the ma-

trixl?l(‘rk) ~ 7, B . Subsequently this artifact allows multiplying the residual (k) of the delay and

x(k) to make it sensitive to the actuators defects. In our case, we replaced the Taylor approximation
by the universal neural networks approximation. Hopfield’s neural network was used in [6]. Hop-
field's approach is relatively new, although it uses many known results. According to this approach,
the neural system searches for stable states, attractors in its states’ space. Neighboring states tend to
approach a stable state, allowing the correction of errors, and the ability to complete missing in-
formation. The Hopfield network is a content addressable memory: a memorized shape is found by
a stabilization of the network, if it has been stimulated by an appropriate part of this form. Hopfield
proposed a model able to achieve such properties, based on a network of McCulloch and Pitts [8],
all parts of this model are interconnected and the Hebb rule is a learning one [5]. Under such condi-
tions the model can be presented by equation (4).

o= flw + S wlE), )
where: E is a set of examples to classify; £ Jh is the value of the j-th element of example; th is the

weight value, connecting the j-th input cell to that of decision. Woh is the bias — 0" is the response

of the decision cell. For example # — 7" is the desired response for example 4.

It shows that during the evolution of the network, which tends to approach its steady state,
an energy function (5), similar to that of ISING spin glasses, decreases to a local minimum [8].
This analogy allows using of a large number of results from statistical physics to the study of its
storage capacity.

HY)= Zl_zj Lyy., (3)
where Tj; is the connection of a neuron 7 to a neuron j; ZjTij V, is the total input of a neuron i;

V; is the state of neuron 7 at time 7.

Hopfield's model is a fully connected neural network, operating according to a stochastic
dynamic of states. This simple model yields interesting results in self- and hetero-association. In its
simplest structure it nevertheless has some shortcomings. They are trash states and catastrophic
forgetting [6]. Furthermore the «thermodynamicy approach can offer a dual use of Hopfield net-
works in optimization problems and classification by the simulated annealing algorithm. Thus, the
problem of local minima finds a solution. The Hopficld network ultimately appears as a fully con-
nected network, whose rule is a unsupervised learning [1, 8, 10].

NCS telediagnosis through NNWinTurbLab virtual environment. To identify defects
in a system, an analysis, made by neural networks, must have sufficient number of good working
examples of defects to be able to learn from. During the learning phase, the examples which pre-
sented to the network input corresponding with diagnoses at the output. The self-organizing net-
work learns to combine the examples shown diagnostics. After training, the network not only rec-
ognizes learned examples, but also some similar paradigms, which corresponds to certain robust-
ness with respect to the signal deformation by noises. The major drawback is how to determine a
methodology to control inner problems, which are mainly the choice of the structure and size of the
network and learning algorithms for a specific problem. However, the main reason for their interest
in industrial diagnosis is their ability to learn and remember a large amount of information [10, 17].

The virtual environment study is shown in figure 3. It consists of NNWinTurbLab wind
simulator, installed on the «Control Terminal»; a CODIS transmission medium, consisting of two
modems; the switch activation code, developed by us as a part of this work; data acquisition inter-
faces from the sensors, associated with wind turbines from 1 to 7 — as shown in figure 3. The
NNWinTurbLab simulator is also installed on the computers thereby (1) generating examples for
the neural network learning; (2) simulates various types of defects.
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a) Virtual Environment Study
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b) Virtual Environment structure
Fig. 3. Virtual environment for an NCS study and diagnosis

The graphical interfaces of NNWinTurbLab. Each NNWinTurbLab GUI consists essen-
tially of menu bar, a toolbar, links to the various tabbed pages, that describe the relevant models
and a «Run» button to access them. These models and links are shown in figure 4. The knowledge
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models of the generators developed in MATLAB with its component Simulink are deducted from
the generalized model of two-phase to Ferrari-Tesla, applied to actual cases by PARK matrices for
AC generators [9]. The models, presented in the turbine wind simulator, are implemented with a
multilayer neural network using a learning algorithm, based on gradient descent of Levenberg-
Marquardt method [8] for their regulation, or a neural predictive controller type NARMA-L2 (Non-
Linear Autoregressive Moving Average) [10]. The simulator also allows modeling of the wind
farm to assess its potential, using a neural network, the Hopfield network.

Wind simulator - Neural Network Wind Turbine Laboratory
File Goto Help

1 vex RNl

Welcome to NNWinTurb_Lab
é Neural Network Wind Turbine Laboratory

Generator model 3 AC Generator

Générateurs & courant altematif

Giénératsurs & courant continu Gendopn | AtemnSyn | AlteiSynaimantPer | Machasyn | MechSyn |

Wind Fowe gt 8 2 Asynchronous Generator

Model 1 8

mgg:} § This model simulate the [
working of the asynchonous
generator

Wind Generator Model ES

Classic Control N

Predictive Torgue Control e

Predictive Orientation Control s

Windmill site modeling 2 Run

Weibull Distribution

Rayleigh Distribution Next

Modéles d'agromoteurs

“J démarrer, ﬁ:!; Rappart sur le fonctio Fb DISK1 | Installation e KWin... L3 J_l_'.,'u:'”gg'. 1324

Fig.4. The GUIs NNWinTurbLab

Linkage of MATLAB, Excel and Circuit Maker in NNWinTurbLab. The linkage is essen-
tial for communication between the GUI and various software types. We implemented functions
DDE (Dynamic Data Exchange) and COM (Component Object Model) of the Windows platform
for the exchange of data, stored in memory. To establish this link, we have used the COM model to
automate and to make exchanges more secure. Automation implements the COM protocol that de-
fines how an application accesses an object residing in another application or DLL. An automation
controller is a client application that controls an automation server via one or more objects pro-
vided by the server that implements the IDispatch interface [2, 14]. The graphical interface (a cli-
ent) handles the automatic loading of MATLAB, Excel and Circuit-Maker (servers) at an applica-
tion startup. The communication channel is then established and the data exchange via COM func-
tions, built into MATLAB, Excel and Circuit-Maker (Execute namely) [2].

Description of the switch CODIS. The code activated switch is a device that is used to select
local or remote equipment, which needs to be controlled. It has several communication ports on
which equipment will be connected for remote monitoring, and a control port — to be connected either
directly to the control computer or (through a modem) for remote control. The switch has seven DB9
ports — inputs, on which it is connected the equipment (computers with installed NNWinTurbLab)
and an output, which is obviously connected to the transmission line through a modem. The output
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also uses a DBY port. The switch operates on an external power supply of 9 Volts. Then an integrated
controller regulates the voltage at 5 V. It is virtual, because it is fully developed under the Circuit
Maker. Its structure and graphical interface developed in Visual Basic are represented in figure 5.

Bus DB9

Port 1 RD Control port
Bus DB9
Mux 1
Port 2
Comparisan Comparison Comparison
Mux 2
. [
Port 3 Mux 3
— Compter Compter
Mux 4
Port 4
Mux 5
D Register
Ports Mux 6

Address of
rnltinlevnr

Port 6

Port 7

a) Material Structure of CODIS

File ‘Window Help

semmes

e Pr———
I s— s (5]
I — e (5
I S— (6
I S— e (5]
o p————=
e R —r——

b) CODIS GUI

Fig. 5. Structure and physical GUI of CODIS
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Through the switch two types of data pass: the data exchanged between the selected device
and the controlling terminal; the control data for the switches. All these types of data are encoded
in ASCII. The switch needs to analyze the received characters and to determine the type of data, to
which the equipment belongs. To resolve this problem and to increase the reliability of the switch,
it accomplishes a specific action, based on a specific received code - as listed in table 1.

Table 1
Codes of connection and disconnection by CODIS
Actions Hexdecimal Codes
Port N° 1 Connection 0040 0040 0040 0040.0040 0040 0040 0040 0031
Port N° 7 Connection 0040 0040 0040 0040.0040 0040 0040 0040 0031
Port N° 1 Disconnection 005E 005E 005E 005E 005E 005E 005E 005E0031
Port N° 7 Disconnection 005E 005E 005E 005E 005E 005E 005E 005E0037

Results and the analysis. Now the imperative is to find the alternative sources to fossil en-
ergy ones. In this direction there is a growing enthusiasm for wind energy. Most wind turbines gen-
erators, that are converters of mechanical energy of wind into electricity, are asynchronous ma-
chines. In such devices multiple failures can occur. They can be predictable or untimely, mechani-
cal or electrical. Their causes are diverse and can be classified into two main families. (1) External
failures: mechanical (load torque pulsation, overload incorrect installation), environmental (tem-
perature, humidity, dirt, salinity); electrical (transients, unbalance, voltage fluctuation). (2) Internal
failures: mechanical (friction stator-rotor eccentricity, bearing defects, displacement of the wind-
ings); electrical (stator faults and rotor, insulation faults) [7].

The simulated faults in this paper are the rotor defects. The optimal approach possible to
simulate a bar (or a broken ring portion) is artificially increasing of the value of the resistance of
the bar (or ring portion) by a sufficient factor to extent that the current flowing through it is as pos-
sible close to zero in a steady state (a cracked bar can be taken into account for an example).

The structure of the Hopfield network, implemented for the treatment of various data con-
sisting of the residues generated using equation (3), by classification is summarized in four tables.
In table 2 classification is done by network architecture.

Table 2
Classification by network architecture
Designations Values
Number of neurons in the hidden layer 21
Sampling interval (in seconds) 0,0001
Number of inputs 3
Number of Outputs 3
Table 3 is based on classification of data, used for network learning.
Table 3
Classification of data, used for network learning
Designations Values
Number of elements in the training and validation set 200
Maximum value of the input 30
Minimum value of input 1
Maximum time interval (in seconds) 1
Minimum time interval (in seconds) 10”
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Table 4 used learning parameters.

Table 4
Learning Parameters, used for network classification
Designations Values
Number of iterations 100
Output Activation function Stochastic
Learning algorithm Adaptive back propagation
The performance of this neural architecture is given by the parameters in table 5
Table 5
Performance parameters of neuronal classifier
Accuracy Rel. Entropy
All 0.594 0.232
Train 0,610 0.228
Test 0,558 0.241

This table shows that the used network is a Hopfield network. The key performance indica-
tor is the relative entropy (Rel. Entropy). It can be noted, that the test has an accuracy rate of 94,4 %
compared to learning examples. So the network implementation decreases the entropy.

The results, obtained by the virtual environment study described above for the simulation
of malfunctions due to broken bars, are summarized in Figure 6.
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Fig.6: The residues, generated by the breaking of one bar (cases «a») or 3 bars (cases «b»)

The curves in figure 7 represent the residues, generated by the system during the break of a
portion or portions of two rings.
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Fig.7. Residues, generated during the breaking of a portion (cases «a») or two ring portions (cases «b»)

It was observed, that the amplitudes of generated residues classes compared to the system charac-
teristics (stator current, electromagnetic torque and generator speed) shown on the figure 8 considered
characteristics of normal or healthy operation, increases when the damage increases in each fault category.
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Fig.8. Characteristics of the wind turbine generator in healthy operation
The classification results of Hopfield neural networks are shown in Table 6.
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Table 6
Results of classification of defects by Hopfield network

State of the wind turbine generator Amplitude of r1 Amplitude of r2 | amplitude of r3
Healthy state <0,010 < 0,005 <0,2
1 broken bar < 0,060 < 0,030 <40
3 barres adjacent broken <0,210 <0,100 <17,5
1 ring portion broken < 0,300 < 0,200 <29,0
2 portions of adjacent rings broken < 0,350 <0,215 <345

From table 6 we noted that the usage of network, based on the connectionist calculation
and cognitive techniques, not only allows more accurate detection of malfunctions for turbine of
generator, but also provide their easier location.

Conclusion. The main purpose of this paper was to show, that connectionist methods are
effective in the diagnosis of networked systems — on the example of controlling wind turbine
through its electric generator (an induction machine). Such control can lead to improving of per-
formances (in relation to the current level) due to usage of fast Fourier transform (FFT — Fast Fou-
rier Transform) approach to process measurable quantities - such as current and voltage.

The results obtained in this paper can be considered as a contribution to a new approach
that can be called «system approach», in particular based on the signal classification. This approach
can be called «class-based signal approach» either by the time-frequency representation or by the
amplitude or shape of the signal, which is generated in our case. The parameters of this signal are
compared to another signal. The results of this comparison characterize stable and healthy operat-
ing condition of the actuator.

This new approach in the diagnosis would allow more detailed exploration of the defects
(such as those mechanical — breakage of the blades, bearings wear various levels, the asymmetry of
the axis of the wind generator) by increasing the number of inputs of the neural network. This in-
crease would result in a proliferation of sensors and certainly would make the system more expen-
sive. However it should be noted, that the expertise would not fail in cases, where it proves neces-
sary to implement such systems diagnostics. This new approach opens the way for the use of re-
mote diagnostics systems in new tools - such as fuzzy logic, the combination of neural networks
and fuzzy logic, expert systems and genetic algorithms.
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