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Intelligent Technology of Nonlinear Dynamics
Diagnostics using Volterra Kernels Moments
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Abstract—The paper presents the technology of intelligent
diagnostic systems construction for improving a reliability of
nonlinear dynamic objects fault diagnosing. There genesis of the
problem, goals and motivation are presented. It’s proposed improving
method of model-based diagnostics based on nonparametric
identification of systems and parameterization of diagnostic models
with using Volterra kernels moments. Effective algorithms of
diagnostic models parameterization are offered. Effectiveness of the
proposed diagnostic model is investigated on example of switched
reluctance motor. The recommendations of using considered
technology in the tasks of diagnosing of various parameters of the
electric motor are given.

Keywords—Fault detection, efficiency of diagnostics, Volterra
kernels, reduction of feature space dimension, switched reluctance
motor diagnosing.

Increasing complexity of control objects, while maintaining
the dynamic properties of systems, rising demands to the
accuracy and objectivity of decisions leads to the problem of
new intelligent computer systems development. These systems
will provide the necessary characteristics and automate the
process of monitoring for objects with different physical
nature. Modern diagnostic systems include both new
mathematical techniques and modern resources of intelligent
computing [1], [2].

Nowadays, widely developed methods of technical
diagnostics, based on the reconstruction of control objects
models [3], [4]. It’s generally expected that faults only change
object’s characteristics. However, often defects change
object’s structure. This fact leads to using nonparametric
identifications methods for constructing object’s models based
on the experimental data "input/output”.

This paper uses a nonparametric nonlinear dynamic models
based on integro-power Volterra series. They consist of the
sequence of multidimensional weight functions wy(ty,...,t),
k=1,2,...— Volterra kernels [5], which are invariant to form of
input signal.

Using models based on Volterra series allows to take into
account nonlinear and inertial characteristics of object. It
makes the diagnostics procedure more universal and reliable [6].

Diagnostic procedure in this case contains determination of
Volterra kernels based on "input/output” experiment data in
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time or in frequency [7], [8] domain. On the base received
Volterra kernels formed a set of diagnostic features. In space
of these features builds a classifier using statistical recognition
methods [8], [9].

As a real significantly nonlinear dynamic object is
considered a switched reluctance motor (SRM) [10], [11]. It's
fast developing scientific and technical direction. The electric
motor is widely used in machine-tool construction and
robotics, automated production lines, transportation, aerospace
engineering and etc.

The purpose of this work is improving the quality and
reliability of diagnosing SRM state with using a model-based
diagnostic based on nonparametric identification of objects in
the form of Volterra kernels [12], [13].

For continuous nonlinear dynamic system the relationship
between input and output signals with zero initial conditions
X(t) can be represented by Volterra series:

FORMING OF FEATURES SPACE AND DATA COMPRESSION

y(t)=w, (t)x(t —t)dz +

w, (t,,7,)X(t - t,)x(t —7,)dr,dt, +

(1)

W,

(7,75, T)X(t — Tt )X(t — 7, )X(t — 7, )dr,dT dT, +...

where wi(t1), Wy(t1,12), Ws(t1,T0,13) — Volterra kernels of the
1%, 2" and 3" orders; t — current time.

High accuracy estimation of the Volterra kernels is achieved
with using noise-protected determinate identification methods
proposed in [5], [14]. Using recognition theories methods for
decision technical diagnostics problems based on the
nonparametric dynamic object’s models in the form of
Volterra series is founded on the following supposition.

1. It exists objective (but implicit) relationship between
multidimensional Volterra kernels, which describe the object’s
structure, and technical condition of object, i.e. it exists a
certain function F(W,S), linking object’s condition S with
Volterra kernels W={w,(z,,...,7, )}, -

2. Function F(W,S), built on base of Volterra kernels of
explored object’s, can be extrapolated on objects with an
unknown characteristic.

3. Object’s structure can be adequately presented in form of
Volterra kernels.

There are different approaches to solving problems of
technical diagnostics. They can differ by the way of
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informative features choice and by the algorithm of building of
function F(W,S) [15], [16].

The effectiveness of pattern recognition methods used for
diagnostics basically depends on diagnostic value of used set of
features. If features well characterize internal structure of the
object, than most of objects, identical by internal structure, will
display in space of these features in form of compact set of points.

The objects with a fault structure will display to the points,
deviating from this compact set and located more seldom
considering variety of possible defects at such object and their
relative small number.

I1l. TECHNOLOGY OF INTELLIGENT DIAGNOSTIC SYSTEMS

CONSTRUCTION

The proposed information technology of nonlinear
dynamical objects indirect control and diagnosis based on
nonparametric identification of objects using Volterra kernels.
It consists of following tasks.

1. Object identification. The goal: to obtain an information
model of the object in the form of Volterra kernels.

Stages of implementation: supplying of test signals to the
object’s inputs; measuring of the object’s responses on output;
definition of Volterra kernels on the basis of experimental data
"input-output".

2. Construction of object's diagnostic model. The goal: to
form the feature space.

Stages of implementation: parameterization of Volterra
kernels (diagnostic information compression), evaluation of
features diagnostic values; selection of the most informative
features set (reduction of the diagnostic model).

3. Construction of object’s states classifier. The goal:
construction family of decision rules for optimal classification
in the space on informative features.

Stages of implementation: construction of the decision rules
(training); evaluation of the classification reliability
(examination); optimization of the diagnostic model.

4. Object’s diagnosis. The goal: control object’s state
assessment.

Stages of implementation: object’s identification; evaluation
of diagnostic features; assigning an object to a certain class
(recognition of the object’s states).

Application of the proposed model diagnostics method
entails the need of parameterization of Volterra kernels
functions [14]. Diagnostic features sets selection has a decisive
influence on the accuracy of the diagnostic model and, as a
consequence, on the reliability of the object’s state
recognition.

The problem of objects sampling classification solves by
constructing a decision rule by maximum likelihood method [15].

Features combinations for which the quality of recognition
is insufficient are discarded. In summary, we have a features
combination for which addition of any new feature does not
increase its informative value.

Features set value is determined on the base of the
maximum of true recognition probability (TRP) criteria Py,
implemented on a subset X' of a given signs set X (X' < X).

Recognition object's states performed on the basis of
secondary diagnostic features obtained by parameterization of
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the model: {w,(z,,...7)}, = X=(Xu,....Xn)'. The paper

considers the system of secondary features obtained as the
Volterra kernels samples of order k (k=1,2) with a specified

discreteness (V) and moments of Volterra kernels u(rk)

different orders r, r=0,3) (My).

Diagonal sections moments of Volterra kernels. Proposed
the universal approach to forming a of diagnostic features sets,
which consists in using of Volterra kernels moments.

Let a signal x(t) in form of analytic function acts on input of
stationary system, represented by the model in the form of
Volterra kernels. Let’s decompose it in a neighborhood of
point tin a Taylor series.

of

1 d X t
i!
Steady state signal in the system is determined by a series
(2) with t— o If the expression (2) substitute in (1) than
obtains expression x(t):

Wl(z')dr-i-

i+]
ZZ( D™ d'x(t) d’ X(t)IIT'T‘W (z,,7,)dzdzr, +
e~ jtjt dr! 3)
2 (<) dx(t) dUx(t) d'x(t) '
+ZZ i de do de
x| || clew,(z,,7,,7,)dr,dr,dT, +...
o
Values
u = J.J.J.r'lr; w, (t,,1,,..,7,)drd 1, .07, , 4)
00 0
where i, j,..., 1=0, 1, 2, ... are called the moments of r order

for kernel of k order, i+j+...+l=r — moment’s order.
Moments of Volterra kernels diagonal sections (M),
considered in this work, calculated by the formula

u® = jtw(tt  t)dt. (5)

IV. ANALYSIS OF FEATURES SPACE VALUE

Offered method of constructing an intelligent computing
system for diagnostics is analyzed on example of the SRM.

During long work the rotor of the electric motor has friction
against the air and backlash & (Fig.1) between a stator and
rotor in it eventually increases. It is typical for high-speed
electric drives. Increasing air backlash leads to a reduction
energy parameters and increases the energy losses. But direct
measurements of air backlash are impossible. Therefore,
engineering of diagnostic system of SRM air backlash using
indirect measurements is important today [16], [17].
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air backlash

stator

rotor

Fig. 1 Air backlash in SRM

In this paper the identification of the SRM as Volterra
kernels of the 1% and 2" orders is realized on a simulation
model of the SRM. For the simulation of the SRM it uses a
mathematical model as a system of nonlinear differential
equations defining the implicit description of the SRM as
"input-output"” [10] at fixed rotor position:

d¥
U¢:|¢R¢+d—t¢. (6)
¥, =f,(1,.0). ()

Here U, (t) - voltage (input variable); 1,(t) - current

— resistance, ¥, - flux

4 [
linkage; e — rotation angle of the rotor relative to the stator.
Function of flux linkage from a current is illustrated on
Fig.2.
Expressions (6, 7) are essentially nonlinear. This is
determined by the principle of operation and the geometric
features of the SRM. Expressions (6, 7) were received for the

angle position of the rotor relative to the stator ® =30° (Fig.

2) and for three air backlashes between the rotor and stator:
nominal and increased on 30 % and 60 % from nominal.

(measured SRM response); R

0,02
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0,016 /,.' = .
g 0014 = <
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£ 001 R
= 0,008
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0 ]
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Current l¢(t)

Fig. 2 Function of flux linkage v, from a current I4(t) for ® = 30°
for a nominal value of air backlash 6=6, and for a cases 8=1.38, and
5=1.68,
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Numerical calculation of expressions (6, 7) was realized on
base of the field mathematical model [18] using the finite
element method [19].

Using computer calculations of expressions (6, 7), we can
find the inverse dependence of flux linkage from the current
phase |¢ = F(‘P¢,®), approximate it by power-mode

polynomial and get the model of the motor:

d
%+F(‘P¢,®)R¢:U¢, ®)

where F (¥, 0)=(ay, +a,y; +a,y; +...), ©=const.
Block diagram of the simulation model is presented on Fig. 3.

x(7) W)
W(p) -
F(y)

Fig. 3 Block diagram of the SRM simulation model.
Here
1 2
W(p) =  F(Y)=By", 9)
p+a

where a:a1R¢, ﬁ: aleb.

As a result of transformation we obtain the model of the
motor in the form of ordinary nonlinear differential equation of
the first order:

)

dt

+ay, +py;=U,. (10)

From equation (10) we can obtain the analytical expressions
for Volterra kernel of first order and diagonal sections for
Volterra kernels of second orders [11]:
)=t w =L 20 _ematy, (11)

o

Based on of expressions (11) functions for Volterra kernels
of first order w,(t) and the diagonal section of Volterra kernels
of second order w;(t,t) are plotted (Fig. 4).

Expressions correspond to SRM with characteristics: rated
torque — 0.05 Nm, rated voltage — 24 V, maximum speed — 4500
rpm at different values of air gap — 0.15 mm (nominal), 0.195
mm and, 0.24 mm, corresponding to cases 6=1.35, and 8=1.63,..

Implementations of expressions (11) for different values
of the air backlash and the corresponding values of the
parameters o and P are then used in the formation of the test
sets of diagnostic features.

Training samples are received for different states of SRM
and are divided to 3 classes (100 items in each class) for air
backlash & €[5,,1.35,] (normal mode - class A);

de(1.35,,,1.65,] (fault mode — class B) and &>1.65,
(emergency mode — class C).
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Fig. 4 Volterra kernels of first order wy(t) and the diagonal section of
Volterra kernels of second order w,(t,t) for 6=5,, 6=1.35,, 6=1.63,

The deterministic approach for classification in this case is
impossible, because obtained models for all classes forms the
overlaying areas (Fig. 4). In this case, the methods of object's
states recognition are used.

The effectiveness of recognition methods is largely
dependent on diagnostic quality of used sets of features. If a
selected features adequately characterize the internal structure
of the diagnosing object, the objects being identical in
structure, appear in the space of these features in the form of a
dense set of points. Objects with structural fault will
correspond to the points that deviate from this dense set.

On base of training sets of data for an object’s classes A, B
and C there successively calculate two discriminant functions
dy(x) and dy(x). The function d;(x) separates the objects of the
first class A from the objects of second and third classes BUC;
d,(x) — separates the objects of the second class B from the
objects of third classes C. To separate two classes (dichotomy
case) it uses discriminant function [15] of the form:

d(x) =1x’(S;1 =S )X+ (S;'m, =S;'m,)'x +
2
s (12)
_JL)+kmM

1
+§(m181’1m1 -m’S;'m, +In
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where x=(Xy,X5,...,X,)" — features combination, n — features
space dimensionality, S;=M[(x-m;)(x-m;)'] — covariance matrix

for class i (M[] — mathematical expectation operation), Si_l -

matrix inverse to S;, |Sj| — matrix determinant S;, m—
mathematical expectation vector for a features of class i, i=1,
2; Amax — Classification threshold that provides the highest TRP
for objects of training sample.

Analysis of a different features combination quality bases on
averaging of TRP criterion. Quality of selected features
combination from considered features set is evaluated by the
result of classification on examination sample of data.
Classifier builds using decision rules based on discriminant
functions constructed during learning process (12) [6].

TRP is calculated for each decision rule. Then the maximum

value of the TRP average assessment P, is searched [6]:

(13)

_ 1 m-1
P =maxy——)> P, ;.
max K {m_llzl: |k}

where m — classes images count, m=3; k — serial number of
features combinations in exhaustive search procedure.

So, during the exhaustive search procedure for considered
diagnostic features there are determined the most valuable
combination of two, three, etc. features.

Further, the value of different diagnostic features sets
(discrete values of Volterra kernels and the moments (5)) is
analyzed.

A. Discrete values of Volterra kernels

The training sample creates on the base of ten discrete
values (with uniform step on an interval (0, T], where T —
simulation time) of Volterra kernels of the first order (feature
set V) and diagonal sections of Volterra kernels of the second
order (features set V5).

Diagnostic spaces form by selection of all features
combination. Quality of a features combination estimates by
solving the problem of statistical classification [15].

The best results of features sets selection among V4, V, are
shown in a tabular mode (Table 1) and in a chart mode (Fig. 5).

Collection V, gives the most informative description of
objects from considered features sets.

The most informative part of functions of Volterra kernels
of first order and the diagonal sections of Volterra kernels of
second order is the initial area, corresponding to first four

discrete values. For the set V; there are x; = wy(t;), i=l,_4; for
the set Vy: X; = Wa(ti,ty), i=1,4.

Table I: Averaged values of TRP for features sets

V1, Vo, My, My,
Features set Informative features TRP
Vl X1, X2, X3, X4 0.993
M, X1, Xo, X3 0.994
Vz X1, X2, X3, X4 1.0
M, X1, Xo, X3 1.0




INTERNATIONAL JOURNAL OF MATHEMATICAL MODELS AND METHODS IN APPLIED SCIENCES

1,00
0,99
o
o
&
'_
0,98
0,97 .
v, M, v, M,

Diagnostic features bsets

Fig. 5 Averaged values of TRP for features sets Vy, V,, My, M,

Mapping of all classes in the feature space of discrete values
of Volterra kernels {x;, x,} shown in Fig. 6.
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B. Volterra kernels moments

The training sample creates on base of four Volterra kernels
moments (5) of Volterra kernels of the first order (feature set
M;) and diagonal sections of Volterra kernels of the second
order (feature set M,).

The best results of features sets selection among , M;, M,
are shown in a tabular mode (Table I) and in a chart mode
(Fig. 5).

The most informative moments correspond to order r=0,1,2.

For the set M, there are X1 = },t(rl) . for the set M, there are

2
Xr+1 = MS. )

The most informative description of motor’s states gives the
feature set V,.

Mapping of all classes in the feature space of Volterra
kernels moments {xs, X,} shown in Fig. 7.
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V. STABILITY OF FEATURES SPACE VALUES TO ESTIMATION OF
NOISY VOLTERRA KERNELS

It was analyzed a stability of value of features sets Vi, V5,

M, M,. The error in the estimates of Volterra kernels — is
additive noise with zero expected value and variance
depending of Volterra kernels extremum.
It was created 4 training sample based on noisy Volterra
kernels of first order and diagonal sections of Volterra kernels
of the second order with noise rate (Fig. 8) accordingly 1%,
3%, 5%, 10% of Volterra kernels extremum.

The best results of stability analysis are shown in Table Il
and Fig. 9.

The most noise immunity features sets are received on the
base of diagonal sections of Volterra kernels of the second
order (V,, M,). Herewith, features set M, unlike V, save a
stability as on small as on big noise rates.

bounds of class A
— — — bounds of class B
bounds of class C

Volterra kernels of first order

bounds of class A
— — — bounds of class B
bounds of class C

35

30

25

The diagonal section of Volterra kernels of second order

Fig. 8 a) Volterra kernels of first order w,(t), b) the diagonal
section of Volterra kernels of second order w,(t,t) for 6=3,, 6=1.33,,
8=1.65, at noise acting
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Table Il: Averaged values of TRP for features sets Vy, Vo, My,
My, V1,, My, at different noise rates of Volterra kernels

sections.
Features| Informative Noise rate, %
sets features 0 1 3 5 10
V, X1, X2, X3, X4 [0.993 [0.981]0.936 {0.885 |0.825
M, X1, X2, X3 10.994 (0.988(0.98 |0.954 |0.927
V, X1, X2, X3, X4 [1.0 [1.0 ]0.998 {0.983 |0.979
M, X1, X2, X3 {1.0  [0.998(0.997 |0.996 |0.995
Vi, X1, Xa, X6y X14 (1.0 |1.0 [1.0 ]0.998 [0.998
Vi, | ;‘2'*"10’ 1.0 [0.966/0.93 [0.906 [0.828
17
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Fig. 9 Diagnostic quality for features sets V;, Vo, My, My, V15, My,
under the influence of noise for Volterra kernels estimations

However, the TRP decrease even in features set M, with
increasing noise rate may become critical, so that the features
set will not be suitable for use in conditions of noise.

For noise immunity solution in this case we consider a sets,
combining a features based on discrete values of Volterra
kernels of the first order (V) and diagonal sections of Volterra
kernels of the second order (V) V1,=V1UV,: xi= wi(ti), Xis1 =
Wy(ti,ti), 1 =1,10.

Similarly we consider a features set, combining a features
based on Volterra kernels moments of Volterra kernels of the
first order (M;) and diagonal sections of Volterra kernels of
the second order (M) My ,=M;UM,.

The best results of stability analysis for the features sets V; ,
and M;, also are shown in Table Il and Fig. 9. The both
features sets V;, and M;, have better noise immunity than
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features sets Vi, V,, My, M,. The features set My, have the
better noise immunity over V;, on a high noise rates.

According to the data in Table Il the functions of TRP
deviation depending on noise rates (Fig. 10) are build. Graph
clearly demonstrates the change reliability of diagnosis at
different noise rates for considered diagnostic features sets.

Each features set in the conditions of noise absence usually
has several best solutions (combinations of features), or
several solutions that are in the neighborhood of best solution.

In this case, when the noise acts the some solutions remain
quite reliable (in terms of diagnostics quality), while others
lose in diagnostic quality.

As an example, in Table Il it is given a combination of
features {Xi, X, X10, X17}* for the features set Vi,. At zero-
noise rate it provides maximum diagnostic quality. But when
the noise rate increases the diagnostic quality of the features
combination is reduced considerably (Fig. 11).

VI. ROC ANALYSIS OF A CLASSIFIER SYSTEM

Classifiers built in different systems of features sets further
investigated using the ROC-analysis.

ROC-curve show dependence of number of correctly
classified true positives (TP) from the number of incorrectly
classified false negatives (FN). So ROC-curve demonstrates
the tradeoff between sensitivity Se and specificity Sp.
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Fig. 10 TRP deviation for features sets Vi, V,, My, My, Vi ,,
M. ; under the influence of noise for Volterra kernels estimations
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Fig. 11 Diagnostic quality for different combinations of features set
V12 under the influence of noise
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Sensitivity and specificity are determined by an expressions:

Se=—1° 1000, (14)
TP +FN

Sp=—1N__10006, (15)
TN +FP

where TP — number of true positives, FN — number of false
negatives, TN — number of true negatives, FP — number of
false positives.

The average ROC-curves for two discriminant functions
di(X) and d,(x) based on features sets V1, V,, V1, and My, My,
M, are shown in Fig. 12. The curves are built for the case of
acting a noise with rate 10% of Volterra kernels extremum.

The diagonal line corresponds to the “useless” classifier, i.e.
the indistinguishability of two classes.

The Fig. 12 shows that the most effective classifiers are
those that use diagnostic features sets based of Volterra
kernels diagonal sections of second order. Classifier based on
Volterra kernels moments provides the best quality of the
recognition.
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Fig. 12 ROC-curves for the classifier systems based on features sets
V1, Va, Vi and My, My, My,
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VII.

In this work it is offered method of constructing an
intelligent computing system for diagnostics of nonlinear
dynamic objects. The method founds on using an integro-
power Volterra series as object’s models.

On the basis of these models the diagnostic features space
constructs. There are discrete values of Volterra kernels of the
first order and diagonal sections of Volterra kernels of the
second orders as well as the moments of Volterra kernels.
Estimations of true recognition probability of object’s states on
base of taken diagnostic features sets received using maximum
likelihood estimation method.

Volterra kernels sections of second order give more
information about diagnostic object than Volterra kernels of
first order. It is shown a possibility and advantages to use
diagnostic model of object as a union of Volterra kernels of
first and second orders. These models provide the highest
information about diagnostic object.

The highest diagnostic value and noise immunity is reached by
union of moments of Volterra kernels of the first order and
Volterra kernels diagonal sections of the second order. This
conclusion is also confirmed by the results ROC-analysis.

Each features set in the conditions of noise absence generally
has several best solutions (combinations of features), or
several solutions that are in the neighborhood of best solution.
The selection of the best features sets should be carried out
taking into account the changes of the diagnostic quality at the
noise action.

The results of numerical experiments with switched reluctance
motor allow making a conclusion about high efficiency of
considered informational technology for intelligent nonlinear
dynamic objects diagnostics and nonparametric dynamic
models based on integro—power Volterra series. The features
set based on Volterra kernels moments is most preferred when
constructing intelligent system for complex nonlinear dynamic
objects diagnostics.

Suggested diagnostic technology allows to determine the
deviation of process parameters in switched reluctance motor
electromechanical transducer. It is possible to construct
classifiers by motor parameters: air backlash, the rotor
diameter, the stator diameter, the rotor and stator pole width,
the length of the machine, the number of turns in a phase.
Also, using this technology it is possible to determine the
degree of aging of electrical steel and copper.

Consequently, it is possible diagnosing during the
acceptance and periodic tests. In this case, after the completion
of classifier training on the stage of diagnosing the recognition
process of the motor state is almost done in real time.

CONCLUSION

REFERENCES

Korbicz, J. & Koscielny, J.M., (eds). Modeling, Diagnostics and
Process Control: Implementation in the DiaSter System, Springer:
Berlin, 2010.
Korbicz, J., Koscielny, J.M., Kowalczuk, Z. & Cholewa, W. (eds). Fault
Diagnosis: Models, Artificial Intelligence, Applications, Springer:
Berlin, 2004.

(1]

(2]

ISSN: 1998-0140

165

(3]

(4]

(5]

(6]

(71

(8l

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

Volume 10, 2016

Simani, S., Fantuzzi, C. & Patton, R.J., Model-Based Fault Diagnosis
in Dynamic Systems Using Identification Techniques, Springer-Verlag:
New York, 2003.

Katipamula, S. & Brambley, M.R. Methods for Fault Detection,
Diagnostics, and Prognostics for Building Systems. A Review, Part |
HVAC&R RESEARCH, Vol. 11, No. 1, pp. 3-25, Jan. 2005.

Doyle, F.J., Pearson, R.K. & Ogunnaike, B.A., ldentification and
Control Using Volterra Models. Published Springer Technology &
Industrial Arts, 2001.

Pavlenko, V. & Fomin, O., Reconstruction of the Parameters Space
on the Base of Diagnostic Models of Object with Using Volterra
Models. Proc. of the 5" Middle Eastern Simulation and Modelling
Conf. (MESM'2004), Sept. 14-16, 2004, Philadelphia University,
Amman, Jordan, pp. 30-40, 2004.

Pavlenko, V. & Fomin, A., Methods For Black—Box Diagnostics Using
Volterra Kernels. Proc. of the 2" Int. Conf. on Inductive Modelling
(ICIM*2008), Kyiv, Ukraine, Sept. 15-19, pp. 104-107, 2008.
Pavlenko, V., Fomin, O. & Illyin, V., Technology for Data
Acquisition in Diagnosis Processes By Means of the Identification
Using Models Volterra. Proc. of the 5" IEEE Int. Workshop on
Intelligent Data Acquisition and Advanced Computing Systems:
Technology and Applications (IDAACS’2009), Rende (Cosenza),
Italy, pp. 327-332, 2009.

Grigorenko, S.N., Pavlenko, S.V., Pavlenko, V.D. & Fomin, AA,,
Information technology of diagnostics of electric motor condition using
Volterra models. Eastern-European Journal of Enterprise
Technologies, Vol 4, No 11(70), pp. 38-43, 2014.

Miller, T.J.E., Switched Reluctance Motors and their Control, Magna
Physics Publishing and Clarendon Oxford Press, 1993.

Solodusha, S.V. & Suslov, K.V., Mathematical Model of Switched-
Reluctance Motor Based on Volterra Series. Proc. of the 7! Int. Conf.
on Mathematical Modeling, Yakutsk, 30 June-04 July 2014.
Publishing House «Company «Dani-Almas»: Yakutsk, pp. 201-202,
2014.

Pavlenko, V., Massri, M., llyin, V., Computing of the Volterra Kernels
of a Nonlinear System Using Impulse Response Data. Proc. of 9th
International Middle Eastern Simulation Multiconference MESM'2008,
August 26-28, 2008, Philadelphia University, Amman, Jordan, pp. 131-
138.

Pavlenko, V., Pavlenko, S. & Speranskyy, V., Identification of systems
using Volterra model in time and frequency domain (Chapter 10).
Advanced Data Acquisition and Intelligent Data Processing., eds. V.
Haasz & K. Madani, River Publishers, pp. 233-270, 2014.

Pavlenko, V., Fomin, A., Pavlenko, S. & Grigorenko, Y., Identification
Accuracy of Nonlinear System Based on Volterra Model in Frequency
Domain. AASRI Procedia, Vol. 4, pp. 297-305, 2013.

Fukunaga, K., Introduction to Statistical Pattern Recognition, Elsevier-
Academic Press, 2010. (ISBN: 9780122698514).

Authors: M. Manimozhi, R. Saravanakumar Fault Detection and
Diagnosis in Non-Linear Process using Multi Model Adaptive Hoo
Filter WSEAS Transactions on Systems, Volume 13, 2014, Art. #66,
Special Issue: Nonlinear Dynamics, Dynamical Systems and Processes,
pp. 660-667 (ISSN / E-ISSN: 1109-2777 / 2224-2678).

Zuoyi Dong, Huaging Wang, Shuming Wang, Wei Hou, Qingliang
Zhao Intelligence Diagnosis Method Based on Particle Swarm
Optimized Neural Network for Roller Bearings WSEAS Transactions
on Systems, Issue 12, Volume 12, December 2013, pp. 667-677 (ISSN /
E-ISSN: 1109-2777 / 2224-2678).

G. Renukadevi, K. Rajambal Modeling and Analysis of Multi-Phase
Inverter Fed Induction Motor Drive with Different Phase Numbers
WSEAS Transactions on Systems and Control, Issue 3, VVolume 8, July
2013, pp. 229-237 (ISSN / E-ISSN: 1991-8763 / 2224-2856).
Zienkiewicz, O.C., Morgan, K., Finite Elements and Approximation
(Dover Books on Engineering). Dover Publications; Dover Ed edition
(October 6, 2006). (ISBN-13: 978-0486453019).


http://store.elsevier.com/authorDetails.jsp?authorId=ELS_1014255
http://www.ozon.ru/catalog/1153581/
http://www.ozon.ru/catalog/1153581/



