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L. Bouchaoui, K.E. Hemsas, H. Mellah, S. Benlahneche

POWER TRANSFORMER FAULTS DIAGNOSIS USING UNDESTRUCTIVE METHODS
(ROGER AND IEC) AND ARTIFICIAL NEURAL NETWORK FOR DISSOLVED GAS
ANALYSIS APPLIED ON THE FUNCTIONAL TRANSFORMER IN THE ALGERIAN
NORTH-EASTERN: A COMPARATIVE STUDY

Introduction. Nowadays, power transformer aging and failures are viewed with great attention in power transmission industry.
Dissolved gas analysis (DGA) is classified among the biggest widely used methods used within the context of asset management
policy to detect the incipient faults in their earlier stage in power transformers. Up to now, several procedures have been employed
for the lecture of DGA results. Among these useful means, we find Key Gases, Rogers Ratios, IEC Ratios, the historical technique
less used today Doernenburg Ratios, the two types of Duval Pentagons methods, several versions of the Duval Triangles method and
Logarithmic Nomograph. Problem. DGA data extracted from different units in service served to verify the ability and reliability of
these methods in assessing the state of health of the power transformer. Aim. An improving the quality of diagnostics of electrical
power transformer by artificial neural network tools based on two conventional methods in the case of a functional power
transformer at Sétif province in East North of Algeria. Methodology. Design an inelegant tool for power transformer diagnosis using
neural networks based on traditional methods IEC and Rogers, which allows to early detection faults, to increase the reliability, of
the entire electrical energy system from transport to consumers and improve a continuity and quality of service. Results. The solution
of the problem was carried out by using feed-forward back-propagation neural networks implemented in MATLAB- Simulink
environment. Four real power transformers working under different environment and climate conditions such as: desert, humid, cold
were taken into account. The practical results of the diagnosis of these power transformers by the DGA are presented. Practical
value. The structure and specific features of power transformer winding insulation ageing and defect state diagnosis by the
application of the artificial neural network (ANN) has been briefly given. MATLAB programs were then developed to automate the
evaluation of each method. This paper presents another tool to review the results obtained by the delta X software widely used by the
electricity company in Algeria. References 29, table 15, figures 9.

Key words: analysis of dissolved gases in oil, diagnostics of power transformers, feed-forward neural networks, Rogers
method, IEC method.

Bcemyn. Y naw vac cmapinis ma HecnpagHoCmi CUIOBUX MPAHCHOPMAMOPIE YEANCHO PO32TIA0AIOMbCA Y 2any3i nepedayi enekmpuyHoi
enepeii. AHaniz po3uuHeHo20 2asy BUOLIAEMbCs ceped HAUbLIbU WUPOKO GUKOPUCHIOBYEAHUX MeEmOoois, Wo 3ACmOCO8YIOmbCs 6
KOHmMeKCcmi NONMuKy YIPAasIiHHsg aKkmueamu OJs GUSAGIEHHS NOYAMKOBUX HECNPAGHOCMEN HA IX nonepeouiu cmaodii 6 Cunosux
mparncgopmamopax. [lomenep 01 ompumans pe3yibmamie aHaiizy po3uuHeno2o 2asy 6yno suxopucmano kinoka npoyeoyp. Cepeo
YUX KOPUCHUX 3ACO0I8 3A3HAYUMO MAKI, SIK MEMOoO OCHOBHUX 2a3ie, kKoegiyienmu Poodxcepca, koepiyichmu MEK, icmopuunuti nioxio,
MeHW UKOPUCMOBYBAHI Cb0200HI Koepiyicmu J{epnenbypea, 06a munu memooieé n’smuxymHuxie /fio6ais, Kilbka 6apiaHmie Memooy
mpuxymuuxie Jlroeans ma noeapu@mivnui nomoepag. Ilpobnema. Jlani ananisy pozuuneno2o 2azy, Ompumani 3 pisHux 06 ‘€xmis, wo
EeKCNILyamyomuCsl, Cly2y8anu Ons Nepesipky 30amHocmi ma HaoitiHocmi yux Memooieé npu OYiHYi CMany npaye30amuocmi Cuiog8o2o
mparncgopmamopa. Mema. ITiosuwjenns skocmi 0lazHOCMUKU eNeKMPULHO2O CUTO8020 MPAHCHOPMAMOpa 3a OONOMO0I0 WUNYYHUX
Helipomepedceaux IHCIMpPYMeHmMis, 3aCHOBAHUX HA 080X 36UUALHUX MemOoOax, y 8UNaoKy yHKYIOHYIOU020 CUNI0B020 MPAHCHOpMamopa
6 nposinyii Cemigh na nigniunomy cxo0i Amicupy. Memooonozia. Po3pobxa nemunogozo 3acody 0ns 0iaeHOCMUKU CUTOBUX
Mpancoopmamopis 3 GUKOPUCMAHHIM HEUPOHHUX Mepedic Ha 0CHO8I mpaduyitnux memodie MEK i Podacepca, sikutl 0036015€ paHHe
BUABICHHS HECNPAGHOCMEl, NIOGUWEeHHS HAOTIHOCMI 8CI€l elekmpoeHepeemuyHol cucmemu 8i0 nepedadi enepeii 00 cnojcusayis ma
nokpawjenus besnepepsHocmi ma aAxocmi oocnyzosysanns. Pesynomamu. Poss ‘azanus npoonemu 6yn0 300iCHEHO 3a 0ONOMO2010
HEUPOHHUX MEPENC 360POMHO20 PO3NOBCIOONCEHHS i3 360POMHUM 38'A3KOM, peanizosanux @ cepedosuwji MATLAB-Simulink. Bynu
6paxosani yomupu Oitoui Cuio8i Mpanchopmamopu, uwjo npayiooms 6 PisHUX YMOBAX OMOUYI0U020 Cepedosuud Mma KIMamy, makux
sK: nycmeis, 8ono2a, xo0100. Ilpedcmasneni npakmuuni pe3yibmamu Ola2HOCMUKU YUX CUTOBUX MPAHCHOPMAMOPIE 3 GUKOPUCTIAHHIM
ananizy pozuunenoeo 2aszy. Ilpaxmuune 3nauenns. Cmucno nagedeno cmpykmypy ma cneyughiuni ocobnueocmi cmapinus i30nayii
06MOMOK CUNOBUX MPAHCHopMamopie ma OiazHOCMUKU cmany Oeghekmie 3a 00NOMOo20i0 wWmyyHol Heuponnoi mepedici. Jlani 6ymu
po3spobneni npoepamu 'y MATLAB ons aemomamusayii oyinku KodxcHozo memoody. Lla cmamms npeocmaeénic we ooun 3acié ons
aHanisy pe3yrvmamis, OMPUMAHUX 3a OONOMO2010 NPOZPAMHO20 3abe3neyenns delta X, wjo wupoxo euKoOpucmo8yemvcsa eneKmpuiHoio
xkomnaniero ¢ Amxcupi. bibin. 29, tabn. 15, puc. 9.

Kniouosi crosa: aHai3 po3uuHeHHX ra3iB y mMacJi, 1iarHOCTHKA CHJI0BUX TpaHcdopMaTOpiB, HellpOHHI Mepe:ki 31 3BOPOTHUM
3B's13k0M, MeTo Poxxepca, meton MEK.

Introduction. The power transformer is a capital
device in the power electrical system and we can’t give up
it, many researchers interested to diagnosis and protect
the power transformers to improve their lifespan, their
performance and their reliability [1-5]. For that, improved
techniques for power transformer diagnosis and early
fault detection are really important. The transformer is
subject to electrical and thermal stresses. These two
stresses could break down the insulating materials and
release gaseous decomposition products.

According to literature [4, 6-11], the main causes of
power transformer faults related gases are: overheating,
corona, cellulose degradation by overheating (OH) and
arcing (ARC).

Principally, gases generated from several well-
known faults involved inside the active parts are
represented in the Table 1 [3].

Dissolved gas analysis (DGA) is widely used for
diagnosing the developing faults in power transformers,

© L. Bouchaoui, K.E. Hemsas, H. Mellah, S. Benlahneche
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this method is classified among effective methods.
Several diagnostic criteria have been developed to
interpret the dissolved gases inside the power
transformers [3], the interested reader is referred to IEEE
Guide [12] for more details. These methods should be
able to get the relations between the dissolved gases
inside a power transformer and distinguishing the type of
fault that occurred. Some of these relations are clear,
others are less obvious and ambiguous, or even hidden
relations [13]. Yet, much of the power transformer
diagnostic data requires expert hands to properly analyze,

approve and interpret its results[3, 13].
Table 1

Gases generated inside the power transformer
due to several faults

Chemical symbol Name gas
H, Hydrogen
CH, Methane
C,H, Acetylene
C,Hg¢ Ethane
C,H, Ethylene
CO Carbon monoxide
CO, Carbon dioxide

Non-conventional methods are usually computer-
aided, will be able to detect reliably and efficiency the
incipient-faults for the inexperienced engineer. More than
that, in certain cases, even the well experienced engineers
can benefit further insights [13], several researches have
been published in [14].

Artificial intelligence and/or optimization algorithm-
based expert systems [4, 7-11, 15-18] have been
developed to expose some of the secret relations to well
interpret the dissolved gases in purpose of power
transformer fault diagnosis.

The artificial neural network (ANN) method was
also applied to this type of study, by exploiting their
capacities, their properties in terms of learning and their
processing of complex data in order to extract the
ambiguous relations between dissolved gases inside the
power transformer and the type of faults. Zhang et al. in
[11] use a two-step ANN approach in order to detect
faults in the diagnosis of power transformers by DGA
without cellulose involved or even with -cellulose
involved.

Bondarenko et al. in [4] combine two powerful
technique and propose a fuzzy-ANN to power transformer
oil gases analysis.

Enriquez et al. in [19] propose as tools for power
transformer diagnosis a K-Nearest Neighbors algorithm
(K-NN) classifier with weighted classification distance,
applied to a DGA data, where K-NN is one of the most
fundamental and basic classifiers widely used in pattern
recognition applications, this classifier was developed by
T.M Cover et al in 1967 [20].

A two types of feed-forward neural network
classifiers for power transformer diagnosis has been
designed and used by Seifeddine et al. in [21], the two
types are MLP and the Radial Basis Function (RBF). In
order to train the two NN classifier the authors get the
experimental data from the Tunisian Company of
Electricity and Gas (STEG).

However, the diagnosis presented by [21] is not
precise enough in certain types of faults such as partial
discharge (PD) and temperature overheating faults. Where
in PD fault condition for [21] it is only one type of fault,
whereas in our work here, we separate between PD faults
with low energy density and with high energy density faults.

Likewise, with regard to temperature overheating,
[21] present three ambiguous overheating levels: low,
medium and high, while in our study the diagnosis is
precise and divided into four different states limited by
clear numerical values; which more clearly show the
thermal state of power transformer.

This diagnosis allows us to judge whether or not the
maintenance of the power transformer is necessary. In the
worst cases, immediate shutdown. This judgement is
depending on the maximum temperature supported by the
insulation.

The goal of the work is to improve the quality of
diagnostics of electrical power transformer by artificial
neural network tools based on two conventional methods
in the case of a functional power transformer at Sétif
province in east north Algeria. The type of the used ANN
is Feedforward Neural Network (FNN) trained by
Levenberg-Marquardt Backpropagation (LMBP). The
training patterns set used to learn ANN are a practical
result obtained in this functional power transformer.

Dissolved gas-in-oil analysis. In power transformer
faults detection and analysis, dissolved gas in oil analysis
(DGA) is a famous standard practice. The origin of this
method goes back to 1973, where Halstead carried out of
study in formation of gaseous hydrocarbons in faulty
transformers based on thermodynamic assessment [11].
Under extreme thermal and electrical pressures applied to
the power transformer, also under the effect of aging,
mineral oils and cellulosic materials used for winding
electrical insulations of a power transformer are
degrading. This degradation of the material results in
several types of gas emitted inside that we can use them
as identifying indices of the type and intensity of the
stresses. To estimate the transformer health-state,
concentrations of dissolved gas in oil, relative gases
proportions and gas creation rates, are analyzed and
applied [13]. The most common gases used for
diagnostics are given in Table 1.

In the goal to obtain each gas concentration
separately we collect it from high-vacuum, then we use
the gas chromatography techniques to analyze them [22].
It is possible to diagnose existing defects in the power
transformers by interpretation of the gas contents. The
specialist literature presents several methods for
interpreting these diagnosis results [3]. Several method of
power transformers diagnostic by DGA has been
developed, we can classify them by two main types,
classical and hybrid methods; where the classical types
generally are: Key gases, Doernenburg ratio, Duval
triangle, Rogers ratio, pentagon and IEC methods [6, 15,
17, 22, 23]. However, the second type generally associate
one or more of the classical methods with an artificial
intelligent [4, 7-11], probabilistic approach [15, 16] or
with optimization method [17, 18].

Key gas method. This method uses four individual
gas levels (C,Hy, CO, H,, C,H,), they are often called
«key gases» to detect four types of faults; this method
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depends on the amount of fault gas emitted in the power
transformer by the insulating oil under the effect of the
varying temperatures at the chemical structure breaks [12,
13, 22]. Unfortunately, this methodology suffers from its
findings or it may be incorrect or inconclusive; it can
reach 50 % if it is automatically implemented with
software, this error can be reduced to 30 % if it is applied
manually by experienced DGA users [12].

Ratios methods. There are several types of ratios
method [3, 12, 22] where each method assigns some
combination of codes individually to a particular form of
fault [22]. These methods are based on comparing the
current gas ratios to the preset ratio intervals.

The principle of fault detection is simple and is as
follows once a combination of codes matches the code
pattern of the fault the fault is detected [13, 22]. As a
result of the amount of doable code combination is larger
than the amount of fault sorts, the typical result of Ratio’
strategies such as Doernenburg ratios, Rogers ratios and
IEC ratios is generally «no decision» [13], this is one of
their important limitations, several of their limitations are
described in [12], these limitations either no decision or
false detection were verified in our study as shown at the
end of this article in Table 15.

Other details like the variability of dissolved-gas
data, loading and environmental conditions effects on
these data are typically often taken into account in a real
power transformer diagnostic process [24].

ANN can identify the hidden relations between the
types of faults and dissolved gases in the power
transformer [3] therefore, the ANN approach can be
applied more carefully to solve this issue.

Gas ratio methods. The major benefits of using
Ratios techniques in monitoring the health of the power
transformer are that the problem of oil volume does not
arise. Because this technique needs to compute the Gases
Ratios to detect a fault, and its independent of its absolute
values [3]. The Ratios techniques applied in this research
are the Rogers Ratio and the IEC techniques.

Rogers ratio method. Four ratios are applied in this
assessment: methane/hydrogen, ethane/methane,
ethylene/ethane, and acetylene/ethylene. The fault
diagnosis process of power transformer is achieved through
a simple coding scheme based on ratio ranges. Four states
of power transformer condition can be identified i.e.
normal ageing, PD with or without tracking, thermal fault
and electrical fault of various degrees of severity, the Table
2 give the Roger’s ratio codes [3, 25]

Table 2
Roger’s ratio codes
Ratios Range Code
<0.1 5
0.l1<..<1 0
Methane / Hydrogen <. <3 1
3< 2
<1 0
Ethane / Methane | < 1
<1 0
Ethylene / Ethane 1<..<3 1
3< 2
<0.5 0
Acetylene / Ethylene 05<..<3 1
3< 2

Table 3 gives the Roger’s fault diagnosis table [25].

Table 3
Roger’s fault diagnosis table
N Code Diagnosis
1/0/0[{0]O Normal (N)
21510/ 0]0 Partial discharge of low energy
311210010 Overheating < 150 °C
4(12(1]1 0] 0 Overheating 150 -200 °C
515|100 Overheating 200-300 °C
6001 ]0 Conductor Overheating
21110l 110 Overheating by winding circulating
current
sl1lol21o0 Overheating by core and tank circulating
current
9101(0]0]1 Arcing of low energy
10 0 [0|1.2]1.2 Arcing of high energy
111 0 |0| 2 | 2 | Continuous sparking to floating potential
121 5 |0 0 |1.2 Partial discharge with high energy

IEC method. The exclusion for the Ethane/Methane
ratio was dropped from the diagnostic instructions
suggested by IEC, as is indicate only a small
decomposition temperature range, the IEC method is
derived from the Rogers’ technique. In the IEC process,
three gas ratios are computed and we use it for the
failure’s interpretation, IEC can identify four types of
faults as fellow: normal ageing, PD of low and high
energy density, thermal faults and electrical faults of
various degrees of severity [3, 26].

The codes for various gas ratios and their description
for the IEC method are presented in Table 4 and 5. On the
other hand, the downside to these Ratios approaches is
that all data ranges are not covered and ratios fall beyond
the reach of the tables very frequently [13]. In this work,
an ANN technique was used to resolve the above limited
ratios process limitation.

Table 4
IEC ratio codes

Defined range Codes of different gas ratio
of the gas ratio C,H,/C,H, | CHyH, | C,H,/C,H,
<0.1 0 1 0
0.1-1 1 0 0
1-3 1 2 1
>3 2 2 2
Table 5
IEC fault diagnosis table
N Fault type code
1 | No Fault 0]0] 0
2 | Partial discharge with low energy density 0([1]0
3 | Partial discharge with high energy density 1 (1] 0
4 | discharge of low energy 1.2]10]1.2
5 | discharge of high energy 1 (0] 2
6 | Overheating 7< 150 °C 0 (0] 1
7 | Overheating 150< 7< 300 °C 0 (2] 1
8 | Overheating 300< 7< 700 °C 0 (2] 1
9 | Overheating > 700 °C 0 (2] 2

DGA practical diagnostic results for different
region in Algeria. In this section we present a DGA
practical diagnostic results in four different regions.

Case 1. Mobile station 220 kV, 40 MVA of
El-Meghier (province has a hot desert climate, with
very little precipitation). Through a periodic inspection,

ISSN 2074-272X. Electrical Engineering & Electromechanics, 2021, no. 4 5



a DGA pattern has revealed the existence of partial
discharges symptoms from the critical amount extracted
of H, and C,H, (Table 6).

produced as result of an advanced aging process of the
solid insulation. The elapsed life of the transformer was
estimated at 80 %. It was then very necessary to check the

. Table 6  reliability of our protections and to rate the transformer at
DGA values of El-Meghier transformer a moderate loading until its inspection.
Gases Before treatment After treatment Table7
(PPM) 17 April 2001 6 May 2003 | 24 May 2005 DGA values of Sidi-Aiche transformer
H 111 27 41
C(;z 2188 1757 2737 g;srii Values Dielectric parameters Values
CO 293 316 419 H, 11 .
CH, 26 1 <1 CO, | 1944 H.0 in ppm 1
C,Hy 31 20 <1 CO 597
tgd 0.21
CoH, 9 14 <1 CH, | 101 g
Csz 65 <1 <1 C2H4 <1
C,Hg 110 2-Furfuraldehyd in PPM 5.79
The advised maintenance action was then a physical CHy <1

treatment of the transformer via the oil purification. Several
samplings were done after this operation and there was not
any sign of the previous defect. Because the transformer
was fitted by a forced oil flow system, we have thought
about the existence of particles attracted on the surface of
windings or in any region with high electric or magnetic
field. These particles were removed by circulating the oil
during the purification as shown in Fig. 1.

Fig. 1. Remove the particles by circulating the oil during the
purification

The DGA practical measure results of El-Meghier
transformer for three different years presented in Table 6
are graphically shows by Fig. 2.

DGA values
3000 | H,
2500
) 2 s CO,
2000
3 e CO
1500
4 CH,
1000
S5 pi— C2H4
500 3
1 1 6w CyHg
0 47P; 47
17 April 2001 6 May 2003 24 May 2005/ CH,

Fig. 2. DGA trends of El-Meghier transformer

Case 2. Mobile station 220 kV 40 MVA of
Sidi-Aiche (town in middle northern Algeria with a
moderate and humid climate). This transformer
presented a high value of a dielectric losses factor of the
oil (0.21) even though the water concentration was
normal (11 ppm). The DGA revealed abnormal
proportions of methane, ethane, CO and CO,
concentrations giving an idea about the loading of the
transformer. Furanic compounds analysis confirmed the
existence of a 2-FAL (Table 7) in dangerous amount

Case 3. Power transformer 60 kV of Akbou
(industrial town in northern Algeria with a moderate
and humid climate). An excess of combustible gases
concentration was registered through a DGA as shown in
Table 8; a more dangerous one was the acetylene. A gases
ratio confirmed a thermal overheating involving a solid
insulation. Perhaps it touched the current flow system as
LTC contacts, leads contacts, etc. This is the most critical
case that may result in catastrophic failure. The main
action was to stop the transformer for an internal
inspection.

Table 8
Gases concentration of Akbou unit
Gases Values (ppm)
H, 1443
CO, 13561
CO 934
CH, 3899
C,Hy 600
C,Hg 1115
C,H, 113

A hot spot was found at the contacts level of one
connection of the no load tap changer with apparent signs
of tracking, cocking, erosion and overheating with the
surrounded insulation as illustrated by Fig. 3.

T *. k

Fig. 3. Remove the particles by circulating the oil during the
purification

Case 4. Autotransformer 220/150 kV of Darguina
(town in northern Algeria with cold and very humid
climate). This unit exhibited a high arcing in the oil
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without involving the solid insulation. It has been treated
several times but there was no improvement of the
situation because successive Buckholz alarms have been
registered after (Table 9). The power transformer was
de-energized and submitted to further analysis and

diagnostic tests.
Table 9
DGA history of Darguinas autotransformer

Gas (ppm) | 17 April 2001 | 14 March 2003 |23 May 2005

H, 107 <1 645

CO, 1414 434 2099

CO — 40 217

CH,4 27 <1 45

C,H, 25 <1 51

C,Hg 18 <1 <1

CH, 65 7 326

Complementary  electrical tests have been

investigated in order to assess the integrity of the current
circuit and the windings condition. The results were
normal (Table 10 and Table 11) and the problem causing
this generation of gases still not detectable.

¢ Insulation measure: Primary/Ground = 7 GQ;

e Secondary/Ground =5 GQ.

Table 10
Winding resistance measurement with different tap position
150 kV 220 kV
Position | A/N | B/N C/N A/N | B/N | C/N
5 3.53 | 3.57 3.53 5.02 | 5.03 5.01
4 348 | 3.51 3.49 483 | 492 | 483
3 3.49 | 3.50 3.48 466 | 468 | 4.61
2 349 | 350 | 3.50 | 479 | 4.78 | 4.77
1 3.50 | 3.50 3.50 492 | 502 | 4.95
Table 11
Transformation ration
Position | AB/ab | AC/ac | BC/bc | Nameplate value
1 1.553 1.557 1.555 1.557
2 1.502 1.504 1.504 1.506
3 1.452 1.453 1.453 1.455
4 1.401 1.403 1.402 1.404
5 1.350 1.352 1.351 1.353

This mode of failure may be also created by the
magnetic stray flux. The internal inspection revealed an
overheating localized in the connection bolts of the core
yoke caused by arcing of a formed closed loop. Fig. 4
illustrates a hotspot localized in power transformer.

Strong localized heating

Fig. 4. Hotspot localized

Artificial Neural  Networks. ANN  has
demonstrated their capacity in a varied engineering
application such as, estimation, process control,
diagnostics [27], it is ANN's ability and malleability to
approximate functions, data meaning and classifications
that have nominated it to be a proposed and promising
solution that can be used in various types of complex
issues. These properties are particularly very significant
when the process or the state variables of the process
model are nonlinear, poorly identified and uncertain,
therefore hard to model by known traditional methods.

An ANN is a complex and dynamic system of
different topology which is composed by weights linked
together either complete or partial depending on the type
of ANN, these weights are an element of complex data
processing. We can summarize the principal advantages
when we apply ANN in the diagnosis process of power
transformer by dissolved gas as follow [28]:

e high learning capacity hence generalization of the
developed tool;

e development of electronic circuits
hardware implementation easier;

e a great capability for model a complex system based
on their inputs and outputs without needing to know
exactly the mathematical model;

e minimize the time required to give the final
diagnosis results by eliminating the time required to
conduct laboratory experiments

Several types of ANN are presented in the literature
in terms of topology, backpropagations algorithm and
learning mode, among these types Multi-Layer Perceptron
(MLP) is the most widely used [27]. Fig 5 shows the
structure of MLP, which is a type of ANN used in this
research. The weight outputs are computed as follows [7]

Sj=f(insz+91J, M
i=1

where X; are the network inputs will be described in the
following section; W) translate the weight-connection
between the input neuron i and the neighboring hidden
neuron j; ¢; is the bias of the j-th hidden neuron; fis the
transfer function or also called activation function.

make the

Output Layer

Input Layer gigden Layer
Fig. 5. ANN topology
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Topology of ANN used. In this application, a MLP
type ANNs with supervised training based on
Levenberg-Marquardt Backpropagation (LMBP)
algorithm is used. LMBP which remains until now the
most widely applied. According to the literature related
to this topic, LMBP has a good robustness, known for its
high efficiency and relatively fast require much less
iteration to converge compared to some methods, for
this many researchers suggest to use it for power
transformer diagnosis based on DGA.

The optimal size of the ANN that produces the best
results is one of the most frequently phrased questions in
the ANN computation framework. Even though numerous
«hints and tips» such as suggestions have been
highlighted so far by many researchers, but there is still
no straightforward answer to this ANN issue [29].

We using Matlab/Simulink environment to design
this ANN, we notice that each method has its self inputs
and should be match the same as the number of neurons
in the input layer, the same thing for the output layer the
number of units should be the same outputs for each
method.

In this application case, five main preliminary gases
for a failure in power transformers: Acetylene (C,H,),
Ethane (C,Hg), Ethylene (C,H,), Hydrogen (H,) and
methane (CH,) are elected as the inputs characteristics as
illustrated by Fig. 6.

L
L J
H, » Normal
CH [ ] Partial discharge
4
CH b Arcing
2t
™ B
C,H. Overheating
C,H,

Fig. 6. Input and output of the neural network

Input layer. The ANN inputs are a vector contains
the Rogers and IEC Ratios. Generally, the number of
neurons is equal to the number of inputs and the activation
function are linear. Each method has its inputs of the follow
gases: Acetylene (C,H,), Ethane (C,Hg), Hydrogen (H,),
Ethylene (C,H,) and Methane (CH,) in ppm.

Output layer. Contains the desired outputs of the
artificial neural network, in our case are the type of faults
if exist or the power transformer is healthy as presented
by Fig. 6. The outputs are: discharge of low energy and
high energy, arcing, overheating, or normal case which
means healthy state. Each method has a specific fault
detection, the activate function generally are linear
function.

Hidden layer. The wide majority of studies in
classification problems use a single layer or at most two
hidden layers. There is no law to determine exactly the
number of neurons in the hidden layer and it is defined by
trial in order to get the minimum error.

Transfer function. At the hidden layer, the
activation function most widely used in the networks of
neurons is sigmoid tangent (logsig), Fig. 7 show its
curvature.

a = logsig(n)

Fig .7. Activation function

The optimized ANNs used in the process of power
transformer diagnosis is carried out by adjusting the
number of hidden layer and the number of units in each
hidden layer of the MLP. Rogers Ratios and IEC Ratios
methods are two Ratios approaches investigated in this
study. We are using the cross-validation error method
over multiple sets both for Rogers and IEC training data
to find the best results.

Input data. The inputs data are the gas
concentrations given by the chromatographic analysis
tests of the oil samples, these samples are taken over the
life of the transformer (training step), or suspected in the
data set sample (net value under regular conditions of

use). Table 12 displays the sample data set in
concentrations of principal gases in ppm.
Table 12
Samples data

Samples| H, |[CH4| CO| CO, | C,H4| C,Hg | CoH, [Known fault

1 17 | 15 1292|6956 78 | 20 | 35 ARC

2 1046(2809|681| 7820 | 321 | 675 7 PD

3 127| 76 |879|3471| 23 | 32 | 49 ARC

4 11 |101]597(1944| 110 | <1 | <1 OH

5 10727 | — |1414] 18 | 25 | 65 ARC

6 39 | 33 1991|3280 9 7 2 Normal

7 72 [278] 53| 610 | 176 | 289 | <1 OH

8 1 |39 (361|4081| 9 36 1 Normal

9 111 26 |293|2188| 31 9 65 PD

10 |1443|3899|934 [13561| 600 [ 1115 113 OH

The database of diagnostics was created at the power
transformer park in the Sétif region, then has helped us to
make sure for the sensitivity of our programs and the
degree of its reproducibility; where several comparisons
of the acquired results was making with the DELTA X
software used in the Sonelgaz-GRTE laboratories or the
shared data and others are considered to view the
established convergences.

Application of ANN to DGA diagnosis using IEC
method. The input vector

1=[1,1,, Q]z{code(

Acetylene(CyH )
Ethylene(C,H ) |

codd Ethylene(C,H ) . code Ethylene(C,H ) ’
Hydrogen(H, ) Ethane(C,Hy )

these codes are extracted following the IEC method
shown in Table 4.
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The output vector O in IEC method has nine
detectable defects as shown in Table 13, O =[O0, ..., Oq].

Table 13
Database trained by IEC Ratios Method
Inputs Outputs

L | L| L O |G|0C|0:]0| 0| O | G| O
0|0 O 1fo[O0O|O0O]JO]O]O]O]O
ofjtrfofjoftyojo0jojojojojo
r{ryoflofoj1j0|O0[O0O]O0|O0]O
L2{o0(12yo0f0|0|1]0]0]0]0]O0
l1{of2Jojo0|j0|0|]1]J0]0]0]O0
0 |0} 1 ofofofolOoO|1|O|O0O]|O
0 (2{0}jojojojojofO]1[0]O
0 |21 ofofofolO|O|O|1]0O0
0O (2{2}Jofofjofojo0o|0O]O0|O0]I1

The neural network with the IEC method is
composed by three unites in input layer, the hidden layers
comprise a variable number of unites and the output layer
has nine unites. The unites of the output layers generate a
real number between 0 and 1 indicating the possibility of
presence of a fault among the 9 faults designated by IEC
instructions norms. The models of formation for the IEC
technique are presented in Table 13.

Application of ANN to DGA diagnosis using
Rogers method. The vector of inputs

Methane Ethane
12[11312’13314]:|:( j’[ j’

Hydrogen ) \ Methane

[Ethylenej Acetylene

Ethane )\ Ethylene )|
these codes are extracted following the Rogers method
shown in Table 2.

The output vector O in Rogers method has 12
detectable defects as shown in Table 2, 0 =[0,, ..., O;,].

The neural network with the Rogers method is
composed by 4 unites in the input layer; the hidden layers
contain a variable number of neurons and the output
layers has twelve unites. The neurons of the output layers
generate a real number between 0 and 1 giving the
likelihood of the presence of a fault amongst the twelve
faults designated by the Rogers’ procedure. The models
of formation for the Rogers technique are exposed by
Table 14 below.

Figure 8 shows the ANN training performance step
trained by LMBP algorithm based on IEC set.

Figure 9 shows the ANN training performance step
trained by LMBP algorithm based on Rogers set.

Results and discussions. The two artificial neural
networks elaborate previously needs to be checked after the
training step is done. In order to test and verify the
robustness and the best performance of the trained ANN, a
data set pattern of known cause of power transformer faults
was considered in 10 test samples given in Table 12.

Table 14
Data sets trained by Rogers Ratios technique
Inputs Outputs
I |L| LI | I |01]0,|05|04] 05| 06| 07| 05| 09| 01| 011 | O1,
ojojojo|jrjofofojo0|0|0f0O|010|0]|0O0
5(0{0[0]|0]|1]0]|0|0|0|0]|O0|O0O|O0]|O0]O
1,210 0|0 (0OfO|1|O|O|O|O|O|O|O]|O]O
1,2[{1{0(0]0|0O|0O]|1]|0]O|O[O|O]O0O|O0]O
ojt{ojojojofofoj1rjojo0f0j010|07|0
ojojt1jojojofofojo0|1rjofo0|010|07|0
rjoj1|jofofofofofofofrfofofoj|ojo
1{0{2(0(0|j0O|O0OfO]|O|O]|O|1|O]O]O0]|O
ojojoj1r(oj0f0f0|0|0O|O0OJO|1|0O]|0O]O
01(0(1,2|1,2f0|0|0O|O|O|O|O|O|O|1]|]0]O
oj{oj2|2|0/0/0(0O|j0O|O|O|JO|O|O]|1]0O0
510{0(1,2[0(0|{0|0|0O|0O|0O|O[O|O0]O0]|1
Performance is 6.03352e-013, Goal is 1e-009
10° | | | | | | B
107 k 1
g 10* 1
% 10° 1
g
107}
107}
° ° ° ° 41 é[;ochs ® * * 0

Fig. 8. Training performance using LMBP with IEC Ratios
method

Performance is 9.56925e-010, Goal is 1e-009

Training-Blue Goal-Black

10 I I I I I 1
0 20 40 60 80 100 120

122 Epochs

Fig. 9. Training phase performance using LMBP and Rogers
Ratios method

Table 15 summarizes the findings obtained by the
two ANN during testing. According to these results, ANN
associates to Rogers Ratios methods was correctly
diagnosed 8 faults out of 10 faults. However, ANN
associated with IEC Ratios methods only detect 7 faults.

According to our results, the ANN solves all
limitations of type no decision of the traditional methods
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(IEC and Roger) and give a decision, for ANN based
Roger ration method all these decisions are correct
compared the experiment. However, for ANN based on
IEC method the decision is wrong for the sample 2 and 8.
In other hand, the improved IEC by ANN correct the
diagnosis result of traditional IEC for the sample 1. As
illustrated by Table 15 all traditional or ANN-based
methods give wrong results for samples 2 and 8, and the
work should be done by more efficient and robust
methods as a deep learning.

Table 15

Comparison results between ANN DGA
and traditional DGA based on Rogers and IEC

” Fault from | Fault from | Predicted fault
‘dé Actual | traditional | traditional from ANN

E | fault IEC Rogers IEC Rogers
A method method | Method | Method
1 ARC PD No decision| ARC ARC
2 PD No decision OH OH OH

3 ARC | No decision ARC ARC ARC
4 OH OH No decision| OH OH

5 ARC | No decision | No decision| ARC ARC
6 N PD OH PD Normal
7 OH | No decision OH OH OH

8 N No decision OH OH OH

9 PD PD ARC PD OH
10 OH | No decision OH OH OH

Conclusions.

The dissolved gas analysis has been acknowledged
as an important instrument in the health-state monitoring
and the diagnosis of faults of power transformer. The
principal benefit of using ratios techniques is that only
ratios of gases are needed in the computation process,
therefore, the oil quantity that is participated in gas
dissolution is not needed. On the other hand, the
downside is that they struggle to cover all dissolved gas
analysis data set ranges. Each traditional method has their
own limitations generally no decision or false decision as
found in this work.

Artificial neural network is proposed as a solution
and is then used to solve this inconvenience and treat
cases not identified by classical techniques in order to an
almost reliable diagnosis. The majority of limitations has
been removed and the diagnostic results has been
improved, the findings obtained through artificial neural
network are extremely reliable compared to the traditional
methods, where for IEC method the accuracy has been
increased for 20 % to 70 % and from 40 % to 70 % for
Roger method. However, in some sample, all methods
either based artificial neural network or traditional are
misleading and give a false diagnosis, so, the health of
power transformer is vulnerable. Finally, as conclusion
this improved results need more performed by more
effective method such as deep learning.
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A COMPARATIVE ANALYSIS OF THE PARAMETERS OF A ROTATING MAGNETIC
FIELD INDUCTOR WHEN USING CONCENTRIC AND LOOP WINDINGS

Introduction. Three-phase inductors of a rotating magnetic field are used in grinders, separators and stirrers for the technological
processing of bulk and liquid substances. This occurs in a cylindrical working chamber under the influence of ferromagnetic
elements in the form of pieces of iron wire, which move together with the field. Problem. By analogy with three-phase induction
motors, for the stator of inductors a concentric winding is adopted, which is a diametric single-layer winding. When moving from
such motors to an inductor, its operating conditions have changed due to the significantly increased non-magnetic space inside the
inductor compared to the motor clearances. The difference in the frontal parts of the phase windings has become essential for the
electromagnetic parameters and the structure of the magnetic field in the inductor working chamber. Therefore, a loop shortened
stator winding, which is symmetrical, can be considered as an alternative to a concentric diametric winding. Goal. The aim of the
work is to compare the dimensional and electromagnetic parameters of a rotating magnetic field inductor in two versions of its
three-phase winding: concentric single-layer diametrical and loop shortened two-layer. Methodology. Comparison of the windings
is carried out through a detailed analysis of the geometrical parameters of their frontal parts, as well as through numerical-field
calculations of the electromagnetic parameters of the inductor as a whole and the distribution of the magnetic field in its working
chamber. Results. A significant difference in the geometrical parameters of the frontal parts of the two windings under inductor
conditions was revealed. The loop version of the winding makes it possible to reduce the length of the winding conductor, its active
resistance, as well as the reactance of its frontal dissipation. At the same time the asymmetry of the phase windings is excluded and
an increase in the homogeneity of the magnetic field in the inductor working chamber is provided. Originality. The scientific novelty
of the work lies in the development of a method of comparative analysis of the windings under the conditions of the rotating magnetic
field inductor and in revealing the advantages of a loop shortened winding compared to the used concentric diametric winding.
Practical value. The loop shortened stator winding recommended for the inductor will eliminate the asymmetry of its
electromagnetic system. Thereby, the quality of its work in the technological processing of different substances is significantly
increased due to ensuring the homogeneity of the magnetic field in the working chamber. At the same time, the copper conductor of
the winding is still saved, and the efficiency of the inductor is also increased by reducing the power of electrical losses.
References 12, tables 5, figures 12.

Key words: rotating magnetic field inductor, stator winding versions, geometrical and electromagnetic parameters.

Posensnymuii mpugasnuii inoykmop 06epmoo2o MazHimHo20 nojis 015 MeXHON02iuHOi 06poOKU Pi3HUX pewogun. Bukonanuil ananiz
nepesaz i HeOOMKi@ NeMAbOBOI YKOPOUeHOI 0OMOMKU 1020 CMAmopa, KA NPONOHYEMbCS AK ANbIMEPHAMUBA SUKOPUCTHOBYBAHOT
KOHYeHnmpuunoi diamempanvhoi oomomxu. ITopigHanns 0OMOmMOK NPOBOOUMbCSA 3a OONOMO20I0 0eMAIbHO20 AHANIZY 2e0MEMPUUHUX
napamempom ix J10608UX YACMUH, A MAKOJC €LeKMPOMASHIMHUX NApamempie iHOYKMopd 6 yilomy 3d OONOMO20K HUCENbHO-
NONLOBUX POIPAXYHKIG. Buseneno, wo nemubosuii 6apianm 0036015€ 3MEHWUNMU AKMUBHUTL | peaKMUGHULL Onopu 10006020 po3CiaHHA
obmomKu i, Wo Halicymmegiuie, GUKTIOUUMU HecuMempilo asHux 0OMomox, 3abe3neuylouu nioguujeHHs 00HOPIOHOCII MACHIMHO2O
noas 6 pobouiti kamepi inoykmopa. bioin. 12, tabn. 5, puc. 12.

Knrouoei cnosa: iHAyKTOp 00€pPTOBOr0 MArHiTHOrO 10/, BAPiaHTH OOMOTKHM CTATOPAa, €OMETPUYHI i eJeKTpOMAarHiTHi
napameTpH.

Paccmompen mpexghasuviii uHOyKmop 6pawaroue2ocs MazHumHo20 nois 015 MEeXHON0SUYeCKol 00pabomKu pasHulx Geujecms.
Buinonnen ananuz npeumywjecms u HeOOCMAmMKO8 Nemaesoil YKOpOUeHHOU 0OMOMKU €20 CMAmopa, KOmopds npeoidazaemcs Kax
anbmepHamuea UCNOIb3YeMOl KOHYeHmpuieckou ouamempansiou oomomku. Cpasnenue 0OMOMOK NPOSOOUMCA NOCPEOCBOM
0emanbHO20 AHAU3A 2e0MEMPUHECKUX NAPAMEMPOM UX TODOBLIX YACMEl, a MAKXHCe JNEKMPOMASHUNMHBIX NAPAMEMPO8 UHOYKMOpa
6 YeloM NoCpeoCmeoM HUCIeHHO-NONe8blX pacuemos. Buiasneno, umo nemiesoil eapuanm no360asAem YMeHbUWUmMb aKmugHoe u
PeaKmueHoe conpomusneHus 10006020 paccesnus 0OMOMKU U, YMoO HAubonee CYWeCmEeHHO, UCKIIOUUMb HECUMMEMPUIO (a3HbIX
06mMomoxk, obecneuusas nosviwenue 00HOPOOHOCHU MACHUMHO20 NOAs 8 paboueli kamepe unoykmopa. bubmn. 12, tabmn. 5, puc. 12.
Kniouesbie cnoéa: WMHAYKTOP BpPAIAIOLIErocsi MATHHUTHOTO T10Ji, BapHAHTBI OOMOTKHM CTAaTOpa, reoMeTpUYecKHe M
3JIEKTPOMATHUTHBIE IAPAMETPBbI.

Introduction. Technological processing of various
materials in grinders, separators and mixers is carried out
using a magnetic field [1-8]. Including bulk and liquid
substances are processed in inductors of a rotating
magnetic field (IRMF) — electromagnetic mills [3, 4, 6-8].
This occurs under the influence of ferromagnetic elements
(FEs) in the form of pieces of iron wire in a cylindrical
working chamber, through which in the axial direction the
processed substance is passed. Such elements move with
a magnetic field, creating a so-called «vortex layer» in the
chamber.

Initially, the inductors had a ferromagnetic core with
three explicit poles, which housed the coils of a three-

phase AC system [1]. This inductor design was replaced
by an implicit-pole electromagnetic system similar to the
stator of three-phase induction motors (TIM).

The energy level and dimensions of the inductors
which are developed and operated correspond to the TIM
with power of the order of units and tens of kilowatts.
Therefore, taking into account the experience of their
creation and operation [9], for inductors a fairly simple
three-phase concentric diametric single-layer winding is
adopted.

However, during the transition from TIM to the
inductor, the conditions of its operation have changed
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significantly due to the fact that the non-magnetic space
inside the inductor has increased by two orders of
magnitude compared to the gaps of the motor. If earlier
the voltage drop across the active resistance and reactive
resistance of the frontal scattering of the phase windings
were units of percent of the electromotive force (EMF) on
the active length of the machine, then in the inductor they
are already commensurate. Under such conditions, the
asymmetry of the frontal parts of the phase windings,
which is inherent in the specified concentric winding,
becomes significant. Also unfavorable is the pronounced
«stepwise» distribution of the magnetomotive force
(MMF) of the three-phase diametrical winding along the
line of the boring circle of the stator core.

The theory of electric machines shows that a three-
phase loop shortened winding, which is two-layer is
deprived of these shortcomings [9]. However, for
technological reasons, such a winding is considered
acceptable in TIMs only as their power and dimensions
increase.

The feasibility of using a loop winding in the IRMF
instead of concentric one can be identified by comparing
them in its conditions. The adequacy of this comparison
has recently increased due to the development of methods
for calculating electromagnetic  parameters and
characteristics of the inductor based on numerical
calculations of magnetic fields [10, 11].

The goal of this work is to compare the dimensional
and electromagnetic parameters of the inductor of a
rotating magnetic field with two variants of its three-
phase winding: concentric single-layer diametrical and
loop shortened two-layer.

Object of study. The three-phase inductor is bipolar.
Its electromagnetic system is given by its cross section
in Fig. 1. The geometric parameters of the inductor are
due to given for technological reasons the active length
1, =250 mm and the radius of the inner surface r;; = 47 mm
of the working chamber at the average value of the
magnetic flux density in it B,, = 0.12 T. This is due to the
axial length of the stator core [/, which is equal to /,
the radii of its boring r; = 0.06 m and the outer surface
75 =0.109 m.

Fig. 1. Cross section of the IRMF electromagnetic system:
1 — laminated ferromagnetic core; 2 — slots with winding;
3 — ventilation ducts; 4 — shell of the working chamber

The core is made of electrical steel grade 2212 with
thickness of 0.5 mm and has filling factor Kz, = 0.95. The
connection scheme of the winding is «star», and its phase
has N, = 72 turns. The shell of the chamber is 6, = 5 mm
thick and is made of non-magnetic stainless steel.

The inductor with the listed parameters was
investigated in [11], where the calculation revealed the
rated phase voltage of the stator winding U,y = 100 V at
frequency f; = 50 Hz, but there another problem has been
considered.

The structures of the compared variants of the
winding — concentric diametric and loop shortened are
given in Fig. 2, 3, where 7, is the pole step. And for
the second of them the coefficient of relative shortening
Bs=10/12 is chosen.
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stator winding

The distribution of phase windings in the slots of the
stator is shown in Fig. 4, 5 in cross section of the
electromagnetic system of the inductor.

In the example in Fig. 4 in the working chamber
there are no FEs, and this corresponds to the ideal idle
(II). In Fig. 5 the chamber is filled with FEs, which are
oriented along the y-axis, and the magnetic field is rotated
by the angle @, which is, as considered in [10], the load
angle in the corresponding mode of operation of the
inductor.
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Fig. 4. Structure of the single-layer diametric winding
and the magnetic field in the ideal idle mode

Fig. 5. Structure of the two-layer shortened winding
and the magnetic field in rated load mode

The structure shown with a uniform distribution of
FEs in the working chamber is idealized, as in [1, 10, 11],
and it is required for an accessible organization of
calculations. The real structure of the elements is usually
less ordered.

FEs are made of steel St3. Their sizes and intervals
between them are taken as in [11], which can be
understood in Fig. 5, where everything is depicted on a
single scale. An important parameter is the fill factor of
the chamber with them in the xy-plane K, which is 0.32.
The same coefficient is taken in the yz-plane: then the
volume fill factor K., has a value of 0.1.

For the winding options considered in Fig. 4, 5, the
operating modes can be changed, but in general the
pictures of the magnetic field are almost preserved.

In the cross section of the IRMF (see Fig. 1), the
magnetic field is considered plane-parallel [10]. Therefore
round sections of FEs are replaced by square ones with
the corresponding recalculations of the sizes.

Fundamentals of numerical field calculations. The
source of the rotating magnetic field in the inductor is a
three-phase system of currents of the phase windings:

iy= Imcos(o)st +B);
ig =1 ,cos(wy—2m/3+B); (1)
ic :Imcos(o)st+2n/3+[3),

where ¢ is the time; 7, is the current amplitude; ; is the

angular frequency; £ is the initial phase of the currents,
which sets the required for a particular mode of
calculation angular displacement of the direction of the
MMF of the stator winding F; directed by the y-axis.

An example of this is shown in Fig. 5, where
=26.7°. Figure 4 shows the directions of currents in the
phase windings in the II mode, in which A=0, and
therefore the vector of the MMF F is directed along the
y-axis.

The magnetic field of the inductor in its central cross
section is described by the well-known 2D differential
equation [10, 12]:

rotfp 'rot(kA, )] = kJ, | @)

where g, is the absolute magnetic permeability; k is the
unit vector along the axial z-axis; A4, J, are the
components of the magnetic vector potential and current
density.

The propagation of the magnetic field is limited by
the Dirichlet boundary condition 4, = 0 on the outer
surface of the core. The effect of the camera shell on the
magnetic field is considered insignificant.

The provided research tools are numerical
calculations of the magnetic field by the Finite Element
Method according to the FEMM computer code [12] with
control by the created Lua script. In general, the method
of calculating the magnetic fields of the inductor and
its electromagnetic parameters, as well as the rationale
for the accepted assumptions are described in detail
in [10, 11], so in this work this is not repeated.

The voltage equilibrium in the phase winding of the
stator corresponds to the complex equation [10]:

Qs = _Ea + ijls + (Rs + Rmag )ls P (3)

where the complexes of its current /; and EMF E,, which
is created on the active length of the winding, are
presented.

Formula (3) also includes the active resistance R, and
the reactive resistance of the frontal scattering X, of the
phase winding, as well as the active resistance R,
which reflects the power of the magnetic losses and is
determined during the iterative calculation of the
magnetic field [10].

Comparative calculations of geometric
parameters of winding variants in the inductor.
Figures 4, 5 already show the accepted shape of the semi-
closed slot of the inductor, which is trapezoidal with
rounding, which is characteristic of induction motors of
the same size.

Figure 6 shows the structure of the insulation of the
slot, which for the two-layer winding is supplemented by
a jumper. Detailed calculations show that in the case of a
single-layer winding, the useful cross-sectional area of the
slot remaining for the conductors, S;=274 mm?, and
in the case of a two-layer winding, it decreased by 4 mm”
or 1.5 %.

For clarity of further illustrations for the winding, the
adopted diameter of the uninsulated effective conductor
d,. = 3 mm, and of the insulated one is d,., = 3.46 mm,
and in the slot their number is zy, = 18. For technological
reasons, the effective conductor can be divided into
elementary conductors of smaller diameter.
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a b
Fig. 6. Estimated model of the slot with insulation
(b.;s — insulation thickness): a — with a single-layer winding,
b — with a two-layer winding (dimensions in mm)

The main difference between the given variants of a
winding consists in their frontal parts, and here the careful
calculation analysis is applied.

The design of the frontal parts of the single-layer
concentric winding is shown in Fig. 7 — in the
longitudinal section of the inductor, as well as in Fig. 8 as
a view of the ends of these parts.
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Fig. 7. Frontal part of the concentric winding in the meridian
section: 1, 2, 3 — phase windings; 4 — surface of the core;
5 — slot with the winding rod; 6 — axial ventilation channel

Fig. 8. Frontal part of the concentric winding (end view):
1, 2, 3 — phase windings; 4 — slot with the winding rod;
5 — core boring surface

The whole structure depends on the size of the
«harness» of the conductors, which is formed in a
rectangular section, and Fig. 7 shows its dimensions
hyand by (in mm) together with the surface insulation. The
figure is shown in proportion, and all dimensions are
marked on it without providing a number of values just to
reveal the degree of detail of the calculations.

The design of the frontal parts of the two-layer loop
winding is given in Fig. 9, where two sections are left
from a flat scan (see Fig. 3), as well as a view in
longitudinal section of the inductor (right). Here, one
harness contains half the number zy,, i.e. 9 conductors,
and its dimensions /, and b, together with the insulation
were 11 mm. In Fig. 9, as in Fig. 7 the proportions of the
sizes are saved, but all set of their designations is shown
for display of a measure of detailing of calculations.

{ilh hL h

Core
surface

Fig. 9. Calculation model of the frontal part of the loop
two-layer winding with indication of the size of its elements

The frontal parts of the windings are sparse, gaps are
provided between them. This is necessary in conditions of
high current density in the winding and a complicated
cooling and ventilation system in the inductor compared
to induction motors. Facilitation of cooling and
ventilation is achieved by the introduction of axial
ventilation ducts in the stator core, which is not practiced
in induction motors of appropriate dimensions. However,
the study of this issue is beyond the scope of this article
and will be considered separately.

On the basis of calculation models of frontal parts of
windings, detailed calculations of their sizes are carried
out that allows to carry out their comparative analysis.
First of all, Table 1 shows the basic geometrical
parameters of two variants of the inductor winding
(hereinafter 1s/ — single-layer concentric diametrical;
2sl — two-layer shortened loop).

Table 1
Lengths of the elements of single- and double-layer windings
Version h[s l[s l/hav lWav lcsav
mm mm mm mm m
Ls/ 70 103 460 1420 102
25l 58 145 379 1259 91

The dimensions indicated in Table 1: Az — the
farthest deviation of the winding from the boring core;
Iz — the outreach of the frontal part of the winding;
lphav and Iy, — the length of the wire of the frontal part and
the coil of the average coil; /., — the length of the wire of
the average phase winding.

The average length of the coil is the sum of the
lengths of the rectilinear slot /; and the curved frontal
parts /g, of the winding:

lyay = Z(Zo + lfhav)- (4)

The total length of the conductors of the phase

winding
lcs = lWav Ns~ (5)
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According to the indicators /g and I (Fig. 7, 9),
which affect the dimensions of the inductor, the windings
have both advantages and disadvantages, but in terms of
the volume /%[ the double-layer winding loses by 17 %,
although in the total volume of the inductor it will have a
much smaller share. But the gain in diameter through /4
has priority over the loss in axial length through /;.

The structure of the sections of the loop winding
(see Fig. 3) is always symmetrical. The concentric
winding has six different variants of the coils (Fig. 2), and
their asymmetry (see Fig. 7) occurs due to different
lengths of the wire of the frontal parts /. But for
comparison in Table 1 the lengths /3., and Iy, of the
average coil are taken. As a result, the loop winding has
the advantage of a shorter wire length /., of the phase
winding by 12 %. In addition to saving copper, this helps
to reduce the active and reactive resistance of this
winding.

However, the disadvantages of the concentric
winding are manifested not only in this, but also in the
asymmetry of the phase windings as a whole due to the
difference of their individual coils, which is explained in
Table 2. Here the calculated dimensions of the elements
of this winding are indicated: /g, lwaw — the average
lengths of the frontal parts and individual coils; Iy, Loy —
the average lengths of turns and all wire of phase
windings, and the made designations of versions of coils
correspond to Fig. 7: 1, 2, 3 — the number of phase
winding; a, b, ¢, d — the version of its coil.

Table 2
Lengths of the elements of the concentric winding
Version la 1b 2c 2d 3c 3d
| {hawi MM 324 402 | 429 | 635 382 589
Do, mm_ | 1149 | 1305 | 1357 | 1770 | 1264 1677
Lyay, M 1227 1564 1471
I m 88 113 106

Manifestation of asymmetry is the difference of the
largest and smallest sizes: [jqu by 96 %, Iy by 54 %,
Iyayr and [ by 28 %, and the reason for this is the frontal
parts of the phase windings.

For low and medium power machines for practical
calculations empirical formulas that take into account the
main features of the design forms of the coils are used [9].
For the coil of the bulk concentric winding of the stator,
the following winding lengths are obtained: /., = 80.3 m;
lyay = 1115 mm; Iy, = 307 mm; Iy = 75.2 mm. It is seen
that the classical technique, in comparison with the
developed method, gives significantly underestimated
parameters of the windings /., and /y,, — by 21 %; [ — by
33 %; Iy — by 27 %. That is, the classical approximate
technique does not take into account the features of the
stator winding of this inductor.

For a two-layer loop shortened winding the classical
technique according to the corresponding formulas gives
lengths: I, = 302 mm, /5 = 97.5 mm, [y, = 1104 mm,
ls = 79.5 m, which differs from the developed refined
method by 20.3 %, 32.8 %, 12.6 % and 12.3 %,
respectively.

Stator phase winding resistances. The calculated
geometric parameters of the windings allow to determine
their active resistances and reactive resistances of the

frontal scattering included in (3). Reactive scattering
resistances on the active length of the winding are
automatically taken into account in the EMF E,, which is
determined by calculating the magnetic field at this
length.

Active electrical resistance of the phase winding,
reduced to the accepted operating temperature 7,, = 115 °C:

RS :kr chu Pcuth lcs ’ (6)
S
where S, is the cross section of the effective conductor,
m% pp = 1.75 10° Qm is the resistivity of copper
winding at base temperature 7, = 20 °C; kppc, = 1+tor(T,—T1p)
is the temperature coefficient of resistance (k7pc,=1,38);
ar = 0.004 °C™" is the specific temperature coefficient
of resistance of copper; k, is the coefficient of increase
of resistance due to current displacement (following [9],
k.=1).
Inductive resistance of the frontal scattering of the
phase winding of the stator is determined by the classical
method [9], which is common to given types of winding:

2
fs ls Ny }‘Gﬂl

8
P 4510
where the scattering conductivity factor of the frontal
parts of the stator winding

Mg i :0,34%(5,1 ~064B, T, ); ®)
S

where ¢, is the number of slots per pole and phase.

Comparison of resistances (p.u.) of single-layer (1s/)
and double-layer (2s5/) windings are given in Table 3. The
advantage of the second of them in terms of resistance is
obvious: active resistance is 11 % lower, reactive
resistance of frontal scattering is lower by 18 %. When
calculating for a concentric winding, its parameters are
taken as average, accordingly, the parameters in Table 3
are averaged.

sc

X, =158 )

Table 3
Electrical parameters of windings

: Rs }\s fh Xv Ix E, a Uv UR

vesion—o 1w | o | A | V|V ]|V
Isl 10,349 | 1,847 |1 0,473 | 59,9 | 69,4 | 28,3 | 21,6
2s/ 10,310 | 1,516 | 0,378 | 66,5 | 72,0 | 25,1 | 21,4

The conditional active resistance R, included in (3)
depends on the load level of the inductor and is in the
range 0.01-0.014 Q.

Analysis of the electromagnetic parameters of the
inductor in the ideal idle mode. The initial calculations
of the electromagnetic parameters of the inductor are
performed in the II mode, the essence of which is the
absence of ferromagnetic elements in the working
chamber. It is for this mode that the required value of the
magnetic flux density B,, in this chamber is set, and it is
the most intense in terms of the stator winding current that
given in [11].

At rated voltage Uiy, the effective values of current
I, EMF E, and voltage drops U, = X, and
Ug = (Ri+R40)1; have the values shown in Table 3. There
is a significant effect on the equilibrium of voltages of
their drops, which leave for the main EMF about 70 % of
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the input voltage, while, for example, in induction motors
it reaches more than 95 %.

Electrical and energy parameters of the inductor for
the two versions of the winding in the II mode are given
in Table 4, where P, P,.q — the power of electric and
magnetic losses; Jy. — the current density in the conductor;
A, — the linear current load on the core boring.

Table 4

Comparison of electrical and energy
inductor parameters when using different windings

: Pels qug_.v Bav ch As
Version W T | A/mm’ | Alem

Lsl 3760 43 0,117 8,48 687

2sl 4100 41 0,125 9,40 761

Graphs of distribution of the module of the magnetic
flux density B in the core of the inductor are given in
Fig. 10, 11. They correspond to the II for a symmetric
current system with the values in Table 3 (for a concentric
winding it is conditional with averaging of phase
windings).
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Fig. 10. Distribution of the magnetic flux density along the pole
arc (left — on the average radius along the height of the tooth,
right — on the surface of the working chamber)
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Fig. 11. Distribution of the magnetic flux density along
the horizontal central axis within the working chamber

The graphs show that from the point of view of
uniformity of distribution of the magnetic flux density the
loop shortened winding has an advantage, besides it gives
slightly more value of the magnetic flux density in the
working chamber. And the nonuniform distribution in both
cases is caused by the discrete structure of the stator winding.

If we consider the individual phase windings, then in
its loop version, symmetry is its essence. Consequently, in
the case of a concentric winding, due to differences in the
parameters of the phase windings (see Table 2), there is a
significant asymmetry of the phase currents and other
electrical quantities. And this leads to known problems,
the basis of the analysis of which is the following
approximate method.

The reactive resistance of the slot part of the
winding X, = E /I is introduced, which was 1.159 Q and
essentially takes into account the mutual inductive
resistances of all phases, because the phase EMF E, was
determined by the magnetic field of the entire three-phase
winding.

The difference in the parameters of the three
windings arose due to the different lengths of their frontal
parts, given in Table. 5. Therefore, there are active R, and
reactive X, resistance, which are shown in the same table.

Table 5
Comparison of inductor phase parameters for concentric
winding

Phase I X, R Z, I
winding mm Q Q Q A

1 363 0,473 | 0,275 | 1,529 | 65,30

2 532 0,573 | 0,403 | 1,776 | 56,16

3 486 0,508 | 0,368 | 1,708 | 58,55

av 460 | 0,473 | 0,349 | 1,671 | 59,85

To eliminate the «skew» of the phase voltages, the
concentric winding is fed by a «star» circuit with a neutral
wire N (Fig. 2). Then the separate impedance for each
phase

Zy =Ry + Ryg)* + (X, + X, ©)

and the phase current /, = U,/Z, are calculated.

The obtained asymmetric current system is given in
Table 5. In addition to the parameters of the numbered
phase windings 1, 2, 3, it also presents the parameters of
the averaged winding av.

The obtained effective values of phase currents are
substituted in (1), and a number of calculations of the
magnetic field when changing S from 0 to 180° with a
step of 2° is carried out, which provided a simulation of
the rotation of the magnetic field.

At each calculation point, the values of the magnetic
flux density were determined at fixed points of the
working chamber: 1 — in the center; 2, 3 — in the upper
and right boundary points.

The results of calculations for the asymmetric
concentric winding are given in Fig. 12 compared to
similar graphs for a symmetrical loop winding. The
graphs show the advantage of a loop winding, which
provides almost stable magnetic flux density. With a
concentric winding, there are significant pulsations of the
magnetic flux density, because the asymmetric current
system gives an elliptical magnetic field.

0,14
BT i

1,2 3—2sl ]
0,12 =

0,10

0,08

0,06
0,04

0,02 o
P

0 0,25 0,5 0,75 1
Fig. 12. Changes in the magnetic flux density at fixed points of
the working chamber during the rotation of the magnetic field:

1 —in the center; 2, 3 — on the surface at the top and right
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Conclusions.

1. The developed technique allows on the basis of a
single approach to calculate the geometric parameters of
the frontal parts of concentric and loop windings taking
into account their detailed structure and size of all
components, which gives much more accurate results
compared to classical methods of designing electric
machines.

2. In the conditions of the inductor of a magnetic field
the role of frontal parts of windings appears much more
essential, than in the conditions of classical AC machines.
This is manifested in an increase of 5-6 times the relative
contribution to the equation of equilibrium of the EMF
and the voltage drops on the reactance of the frontal
scattering, as well as on the active resistance of the
windings.

3. An important advantage of the loop shortened
winding compared to the concentric diametric winding is
the shorter length of the frontal part conductor, which
reduces the active resistance of the winding as a whole by
11 % and the reactance of the frontal scattering by 18 %.

4. The loop three-phase winding is symmetrical, while
the concentric winding has a pronounced asymmetry due
to differences in the parameters of its frontal parts, which
leads to a significant deterioration of the electromagnetic
parameters of the inductor as a whole.

5.Due to the peculiarities of the discrete phase
structure of the concentric diametric winding and the
asymmetry of its phase currents, the magnetic field in the
working chamber of the inductor is unstable and less
homogeneous compared to the loop shortened winding.

6. The advantages of the concentric winding include a
slightly smaller particle size of the inductor in the area of
its frontal parts, as well as less complex technology of
manufacturing and laying in the slots of the core.

7. Further development of research should be the
development of technology for the manufacture of loop
shortened two-layer winding in the inductor conditions,
the implementation of its relevant experimental studies, as
well as improving the parameters of this winding by
optimizing it.
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IMPROVEMENT OF TURBOGENERATORS AS A TECHNICAL BASIS FOR ENSURING
THE ENERGY INDEPENDENCE OF UKRAINE

The paper defines the directions of improving turbogenerators as the basis for ensuring the energy independence of Ukraine. The
analysis of the state, problems and prospects for the development of modern electric power industry. Goal of the work is to identify
promising directions for sustainable development of the national electric power industry in order to ensure energy security of
Ukraine, to conduct a comparative analysis of electricity sources, to confirm the need to improve the main sources —
turbogenerators. Methodology. During the research, an analytical analysis of the electricity sources, which are installed at power
plants in Ukraine and the world, was carried out, taking into account the growth of the planet's population and its energy activity.
Cyclic theory was chosen as the theoretical basis for forecasting. On the basis of this theory, global development trends, advantages
and disadvantages of currently used sources of electricity - thermal (including nuclear) power plants and stations that operate from
renewable energy sources - have been established. A review of literary sources on the methods of the energy sector forecasting the
development, including the development of the energy sector in Ukraine, has been carried out. Originality. It has been established
that due to the active growth of the planet's population, with the increase in its energy activity, obtaining electricity from renewable
energy sources is not enough, that for the next 20-30 years nuclear power plants will be the main sources of electricity. The internal
and external threats to the energy security of Ukraine, directions of development of turbogenerator construction, ways to improve
turbogenerators, to increase their energy efficiency, power per unit of performance, to increase the readiness and maneuverability
factors, and overload capacity have been identified. Practical significance. The need to continue the modernization and
improvement of the turbogenerators of nuclear power plant units, as the main sources of electricity, has been proved. The directions
of their improvement are established: increasing the power in the established sizes, making changes to the design of the
turbogenerators inactive elements, replacing the cooling agent to keep Ukrainian turbogenerators at the world level, improving
auxiliary systems, improving and increasing the reliability of the excitation system, introduction of automatic systems for monitoring
the state turbogenerators. Possible limits of use, advantages, disadvantages and problems of using renewable energy sources for
Ukraine have been established. References 43, tables 3, figures 5.

Key words: electric power industry, energy independence, turbogenerator, energy saving, ecology, technical diagnostics,
weight and size indicators, power increase, renewable energy sources.

Y cmammi npoeedeno ananiz cmany, npobnrem ma nepcnekmue po3eUmKy cy4dcHoi einekmpoenepeemuku. Busnaueno nanpsavku iv
PO36UMKY 3 YPAXYBAHHAM 6UOOPY MEXHIKO-eKOHOMIUHO20 CYeHapilo po3eumKy, CynymHix gaxmopie i ix ezacmmozo énaugy. Memoio
pobomu 6yno usHavenHs NepcneKmusHUX HAnNpsIMKI6 cmanozo po3eumky HAYIOHANLHOI enekmpoeHepeemuKu wooo 3ade3nedenis
eHepeemuyHoi Oe3neku YKpaiHu, nposeoeHHs MNOPIBHANbHO20 AHANI3Yy Odcepell eleKmpoeHepeii, niomeepodicenHs HeoOXiOHOoCmI
6800CKOHAICHHSL OCHOBHUX Odicepell — mypboeeHepamopis. Buznaueno enympiwmi ma 306HIWHI 3a2po3u eHepeemuyHil Oesneyi
VYxpainu. Bemanosneno nepesacu i medonixu, c8imogi menoenyii no0anbuo20 SUKOPUCIMAHHI CYHACHUX O0Jicepell eleKmpoeHepaii -
MEeNnoBUxX (BKIIOUAIOHU AMOMHL) eleKMmpoCcmanyit i cmanyiil 6i0 NOHOGNIOBAHUX Odxcepell eHepell. Bcmanoseneno, wo 6 36'a3ky 3
AKMUBHUM POCMOM HACENIeHHs . NiaHemu i 3i 30LIbUWEHHAM 1020 eHepeemuyHOl aKmueHOCMI eleKmpoeHepeii 610 NOHOGNIOBAHUX
Odorcepen euepeii 6yoe Hedocmammuvo, wjo Haubaudxcui 20-30 pokie ocnosHUMU Odceperamu enekmpoenepeii 6y0ymv amomHi
enekmpocmanyii i ye niomeepodcyc HeoOXiOHicmb nposedeHHs pobim no 600CKOHANeHHI0 mypbozenepamopie. Bcmanoeneni
Hanpamu  800CKOHANIeHHs ~KOHCMPYKYili mypbocenepamopie i cucmem OXON00JCEHHA. 3a3Hayeno, w0 BOOCKOHANCHHS
mypboeenepamopie 8umMazac OOHOYACHO20 NIOBUWEHHA egekmusHocmi i cucmem, wo 3abe3neuyloms ix pobomy: cucmem
nocmavanHs 2a3om, 8000w i maciom, cucmemu 30yodxcenns. Iloxazana neobXionicmv NOBHO2O BNPOBAOICEHHS ABGMOMAMUYHOLO
KOHMPOIIO CMAHY mMypOO2eHepamopia, GUKOPUCTNAKHS NPULOMIE CYUACHOT mexXHIUHOI OlaeHOCMUKY HAUOLIbW HANPYJICEHUX Y38 |
enemenmis sk 6 pexcumi online, mak i npu npPoeeodeHHi NIAHOBUX | asapilinux pemonmie. Iliomeepoicenns HeoOXIOHOCMI NPOGedeHH s
POo6Im no 800CKOHANEHHIO GIMYUZHAHUX MYPOOSEHEPAMOPIE GUKIUKAHO NOSGOI0 6 3a2ANbHill eHepeocucmemi YKpainu Hogux munie
ejleKkmpoenep2emudHux 0dcepell, AKi KOpUCMYIOMbC aKmueHoio 0epiicagholo  niompumkoio. Biosnauena nepcnekmugnicmo
BUKOPUCMAHHS NOHOGNIOBAHUX Odicepell eHepeii 3 MOUKU 30pY 3HUJICEHHs eKONO02IYHUX npodaem, ane auuie OnA iHOUGIOYANbHUX
cnoocusauis. Ilpoananizoeani nepesacu, HeOONiKu i npobremMu GUKOPUCNAHHA NOHOGIIOBAHUX Odicepel eHepeii, AKI Haubinbiu
nputinamui 012 Yxpainu. bion. 43, Tabmn. 3, puc. 5.

Knrouoei cnosa: ejieKTpOeHePreTHKA, HEPreTHYHA He3aJeKHiCTb, TypOoreHepaTop, eHepro30epe:KeHHsl, eKoJI0risl, TeXHiYHA
JIiarHOCTHKA, MacOradapuTHi NOKA3HUKH, MiABUIIEHHS MOTYKHOCTI, IOHOBJIIOBaHI J:Kepesia eHeprii.

B cmamve nposeden amnanuz cocmosimus, npobiem u NepCReKmus pazeumus CoBpeMeHHOU dnekmpodnepeemuku. Onpedenetvl
HANPAGIeHUs ee Pa3eumus ¢ y4emom 6b160pa MexXHUKO-9KOHOMUUECKO20 CYeHapusa pa3eumus, CONYMCmeyowux Gakmopos u ux
83aumMHo20 6nuaHuA. Llenvio pabomul A61AI0CL onpedenenue NePpCneKMuBHbIX Hanpasienuil Yemouiuueo2o paseumus HayuoHAaIbHOU
9/1eKMpOoIHEP2eMUKU C Yenbio obecneuenus nepeobesonacHocmu Ykpaunwl, nposeoeHue CpasHUmenIbHo20 aHalu3a UCMOYHUKOB
9/1eKMpoIHep2UL, NOOMBEPICOeHUe HEeOOXOOUMOCU COBEPUICHCINGOBANUS  OCHOGHLIX UCHOUHUKOE — MypOo2eHepamopos.
Yemanoenenvr oocmouncmea u nedocmamxu, Muposvle meHOeHYuU OalbHelue2o0 UCNONb308AHUL COBPEMEHHbIX UCHOYHUKOS
9/1eKMpOIHEP2UU — MENN08bIX (BKIIOUAS AMOMHbIE) DNEKMPOCMAHYUN U CMAHYULL OM BO300HOBIAEMbIX UCTHOYHUKOG DHEPIUU.
Onpedenenvl gHympentue u 6HewHue y2po3bl IHepeemuyeckol besonacnocmu Yxpaunvl. Ycmanoeneno, umo 6 césa3u ¢ akmugHbim
POCMOM HAaceneHusi NAaHembvl U C YGeludeHueM e20 IHepPeemuveckoli aKMUuGHOCMU AEKMpPOIHepeuy Om 60300HOBNAEMbIX
UCMOYHUKO8 dHepauu 6yoem Hedocmamouno, umo Onudxcatiwue 20-30 nem OCHOSHLIMU UCMOYHUKAMU S]eKMPOIHepeuu Oyoym
amomuvle  DNEKMPOCMAHYUU U MO  NOOmeepiucoaem HeoOXOOUMOCHb NpoBeOeHusi pabom no  COBEPUIEHCINEOBAHUIO
mypbozcenepamopos. Ycmanosnenvt Hanpasgnenus coOBepUIeHCMeo8anUs KOHCMPYKYutl mypoo2enepamopos u Cucmem OXAaicoeHus.
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ISSN 2074-272X. Electrical Engineering & Electromechanics, 2021, no. 4 19



Ommeueno, umo co8epuleHCmeosanue mypoo2eHepamopos mpeoyem 00HOBPEMEHHO20 NOBLIUEHUS IPDEKMUSHOCIU U CUCTEM,
0becneuusarowux ux pabomy: Cucmem CHabXHCeHUsi 2a30M, 000U U MACIOM, cucmemvl 6030yacoenus. Ilokaszana Heobxo0umocmo
NOHO20 BHEOPEHUs ABMOMAMUYECKO20 KOHMPONS COCMOAHUS MYPOOLEHEpamopos, UCHONb306AHUS NPUEMOE  COBPEMEHHOU
MEXHUYECKOU OUAZHOCMUKU HAUOOJIee HANPSNCEHHbIX Y3108 U JJICMEeHMO8 KAK 6 pexcume online, max u npu npoeedeHuu niaHo8bIX u
asaputinvix pemonmos. ITloomeepoicdenue 1eobXo0OuMocmu npogedenuss pabdom no COBEPULCHCMBOBAHUIO  OMEUCCMECHHBIX
mypbo2enepamopos 6bl36aH0 NOAGLEHUCM 6 00Well JHepeocucmeMme YKpauivl HO8bIX MUN0E JJeKMPOIHEPZEMULECKUX UCIOYHUKOS,
KOMOopble NOAb3VIOMCS AKMUBHOU 20CY0apCmMEeHHOl No00epickol. Ommeuena nepcnekmusHOCnb UCNOb306AHUSL 80300HOGISEMbIX
UCMOYHUKOG DHEP2UU C MOUKU 3PEHUS CHUJICEHUS IKONOSUYECKUX RPOOAEM, HO MOAbKO Ol UHOUBUOYATbHbIX NOMpeOumenei.
TIpoananuzuposanvi npeumywecmsa, HedOCMamxu U npooiemMsl UCHONb306AHUS 60300HOGIACMbIX UCTHOYHUKOS IHEPSUU, KOMOPbLE
Haubonee npuemnemsl 015 Ykpaunol. bubin. 43, Tabun. 3, puc. 5.

Knioueevie cnosa: 3JeKTPOIHEPreTHKA, HEPreTHUecKasi He3aBHCHMOCTH, TypOoreHepaTop, SHeprocoepesxeHne, IKOIOrus,
TeXHHYECKAsH IHATHOCTHKA, MACCOraGapuTHbIe MOKA3ATE/IH, MOBBIIIEHHE MOUIHOCTH, BO300HOB/IsIEMbIe HCTOYHUKH JHEPTHH

The following abbreviations are used in the work:
TG — turbogenerator; NPP — nuclear power plant; TPP —
thermal power plant; CHP — combined heat and power
plant; HPP — hydroelectric power plant; RES — renewable
energy sources; WPP — wind power plant; OECD —
Member Countries of the Organization for Economic Co-
operation and Development; HTSC — high-temperature
superconductor; LTSC - low-temperature
superconductor.

Introduction. In most countries of the world, the
electric power industry is considered the most important
sector of the national economy. Therefore, the goal of
this work is to identify promising directions for
sustainable development of the national electric power
industry in order to ensure the energy security of Ukraine,
conduct a comparative analysis of electricity sources and
confirm the need to improve the main sources —
turbogeneratots. Here, the main issue, one of the most
serious problems for any national manufacturer, is energy
saving [1-4]. The solution to the problem of energy saving
is especially important for Ukraine, where at present the
production of a unit of GDP on average consumes almost
3 times more energy resources than in European countries
[1, 3, 5]. Energy saving is one of the most important
factors contributing to an increase in the level of energy
security, which is one of the most important elements of
sustainable economic development for both exporting and
importing countries of energy resources. Obviously, it is
difficult to solve the problem of ensuring the energy
security of the country if the energy supply is fully or
largely dependent on external suppliers [3, 5]. For
Ukraine, as well as for all countries, the main requirement
when choosing directions for the development of the
electric power industry is reliable and efficient energy
supply to industry and the population, obligatory taking
into account the requirements of environmental safety and
social stability. The promising tasks of the energy sector
are the same for all countries: it is the search for new
sources and technologies for generating electricity, a
continuous increase in generation volumes, an increase in
efficiency in transmission and distribution, and a
reduction in losses at all these stages [6-8].

When choosing directions for the development of the
electric power industry, it is necessary to take into
account the whole complex of factors and their mutual
influence: the technical condition of electrical equipment,
national directions and priorities for the joint development
of the economy and industry; political, environmental,
demographic problems; technological and resource
capabilities not only of the electrical engineering industry,

but also of related industries: turbine construction,
enterprises for the creation of controlled reactors, mining
and processing of uranium [5, 8].

At the present time it is necessary to choose: to
continue the development of different directions or to
develop one, specific direction; to improve and develop
mono-energy with globalization on a national scale or to
give priority to the development of poly-energy (mini-
and micro-hydroelectric power plants, solar and wind
energy, mini-CHP, etc.).

Since the end of the 90s of the 20th century in all
countries, special attention (and government material
support) has been paid to energy from RES, «green
energy» [2, 5]. This is an important area, but it will not
meet the growing needs of the world's population for
electricity, which are constantly increasing, especially
taking into account the continuous increase in specific
energy consumption in all countries of the world (Fig. 1,
Fig. 2, Table 1) [3, 9, 10].
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Fig. 1. Forecast of annual growth in electricity demand
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Table 1

Existing and prospective population growth and demand for basic energy in 2030

World rates of population growth and demand for main types of energy,
No, Indicator % to the level of 1970
1970-1990 1990-2010 2010-2030 (forecast)
1 |Population +1,8 +1,4 +1,0
2 |GDP +3.,5 +3,2 +4,0
3 |Electricity +2,6 +3,2 +3,9
4 |Electricity per capita +0,5 +0,5 +0,7
5 |Energy intensity of GDP -0,9 -1,4 -2,0

Analysis of possible scenarios and directions for
the development of world energy sector and energy
sector in Ukraine. In the chosen model of technical and
economic development of the state, different scenarios are
possible: unfavorable (pessimistic), favorable (moderate),
maximally favorable (optimistic) [8-10]. The most
acceptable for Ukraine, given the existing internal and
external factors, is, in our opinion, a moderate scenario,
but its implementation also requires significant structural
reforms. In the long term, the development of the
domestic economy and energy sector will be determined
by a combination of three principles — static, cyclical and
dynamic [9, 11-14]. According to these principles, inertia
of economic and energy development will prevail in
Ukraine until 2050, followed by cyclical repetition at a
higher level, and the dynamic principle makes us expect
an acute complex crisis in the future, which will most

likely be resolved by a complete change in the direction
of energy sector development. Over the past 100 years,
three such crises can be noted: the early 1930s, early
1970s, and the crisis of the late 2010s [9, 11].

The crisis of the early 1930s led to accelerated
industrialization and a sharp increase in the demand for
electricity and petroleum products for industry. The
crisis of the early 70s was caused by the transition of the
United States and Western Europe to the model of post-
industrial development and the end of the Cold War.
Here, private entrepreneurship became more active, the
acceleration of the development of nuclear energy was
noted, the demand for gas as the main fuel for the
energy sector increased, etc. During the crisis, the
growth rates of world energy consumption decline and
may even become negative, but after the crisis, there is
always a steady growth (Fig. 3) [9].

Innovative-revolutionary scenario
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Fig. 3. Changes in electricity consumption under various scenarios for the development of the electric power industry

The crisis of the late 2010s caused the need to
reevaluate and forecast new directions for energy sector
development. The theory of cyclical development
(N. Kondratyev theory of «long waves») was chosen as
the theoretical basis for forecasting, which reduces
forecasting errors, takes into account economic crises,
energy saving and environmental safety requirements,
increases the accuracy of identifying strategic problems
and the volume of sufficient investments. According to
this theory, the cycles of development of the economy,
industry and energy sector have a duration of 50-55 years
and are determined [9, 11] by:

1)accidental and temporarily acting factors (natural
disasters, wars, accidents);

2) constantly acting non-cyclical factors (scientific and
technological progress, demography, presence and
availability of natural resources);

3)constantly acting cyclic factors (for TG these are

electromagnetic and thermal effects, vibration,
«aging»).
Analysis of the dynamics of energy sector

development, taking into account the existing cyclicality,
allows to expect the next crisis in the world economy and
energy sector by 2040-2050, which will lead to new
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qualitative, intellectual, energy-informational levels in the
energy sector [9, 14-16].

After overcoming the next crisis, each state should
choose scenarios for the development of national energy
sector from three possible options:

1) inertial-catastrophic;
2) stabilization-stagnation;
3) innovative-revolutionary.

Each scenario has its own characteristics and ways
of resolving contradictions, its own scale of demand for
energy resources, features of the development of
technologies for the production of primary energy
resources and their consumption (see Fig. 3). Each
scenario is characterized by the presence of two stages:
the first one, which retains a certain inertia of the
previous scenario, and the second one, in which the
inertia is exhausted, a period of stagnation begins with
signs of a latent or explicit energy crisis, and then the
energy sector goes into a qualitatively new state. At the
last stage, innovations are introduced into science and
technology, there is a maximum rise in industry, new
issues are formed that must be addressed at the next
stage (cycle) and which will determine further
development [11, 12, 16].

The most progressive in terms of energy sector
development is the innovative-revolutionary scenario. It
assumes qualitative changes in modern directions by
2020-2030 by improving the technology for generating
electricity, its transmission and final consumption. In this
scenario, the key trends in the development of world
energy sector will be an increase in investment activity,
the development and implementation of new
technologies, an increase in the share of electricity in the
total amount of energy used, a radical reduction in energy
consumption [4, 9, 14-16]. The innovative-revolutionary
scenario presupposes the formation of a new type of
energy sector in developed and developing countries;
growth in the volume of electricity in total global final
energy consumption from 21.7 % (2010) to 28.6 % (2030)
and up to 36.8 % in 2050.

It can be expected that by 2050 developing countries
will reach the modern energy consumption standard of the
countries of Europe and the USA, equal to 5 MWh per
capita per year. Quantitative differences will decrease, but
qualitative differences will increase, because it can be
assumed that after 2030 in developed countries the
formation of new generation energy systems based on
smart grid technologies will begin. And, despite the
unpopularity, the role of nuclear energy can be expected
to increase: almost twice by 2030 and four times by 2050,
since only NPPs, as sources of electricity, will be able to
provide its required volume [6, 8, 10, 14, 17]. It is
expected that in this case the development will receive:
«thermal» reactors of 3-4 generations; fast reactors;
reactor plants B-392, which use new solutions to increase
the design life of the reactor pressure vessel up to 60
years; «small nuclear energy» which will somewhat
reduce the consumption of uranium («uranium problem»)

and problems of storage and processing of spent nuclear
fuel. It can be considered that the next 20-30 years
nuclear power industry — highly productive, with a low
level of emissions of substances that pollute the
atmosphere, and with practically unlimited reserves of
fuel — will be the main source of electricity [16, 18, 19].

At the same time, for Ukraine, the innovative-
revolutionary scenario for the development of energy
sector, economy and industry is unattainable in terms of
technical, economic and political indicators. According to
macroeconomic indicators, Ukraine is one of the poorest
European countries with low incomes, which leads to the
absence of a social and economic foundation for
sustainable development. According to the International
Finance Corporation [12, 17], the energy intensity of the
gross domestic product (GDP) per USD 1 in our country
is approximately 2-3 times higher than in developed
European countries. Therefore, it can be argued that a
stabilization-stagnation scenario of development is most
likely for Ukraine [9, 18]. Here, while there are no new
sources of electricity and sustainable systems for its
storage, nuclear energy should be continued to develop
and thermal energy (TPPs, CHPs) should be maintained
in working order with the obligatory compliance of the
national environmental policy with world requirements:
the Kyoto Protocol (2005) and the Climate Conference in
Paris (Paris Agreement, 12 Dec. 2015) [18-20].

It should be noted that there are threats to the energy
security of Ukraine, both internal and external. Morally
and physically obsolete electrical equipment of the power
complex, outdated technological lines for the manufacture
of new equipment, dependence on the export of both
equipment and fuel resources, deficiencies in
maintenance, diagnostics and repair have led to the fact
that the power system of Ukraine has one of the largest
losses of electricity in the «generation — transmission —
distribution — consumption» cycle, that raises the question
of the country's energy security. For example, energy
losses in distribution networks reach 25 % [5, 21].

Internal factors include:

e excessive energy intensity of GDP, which has grown
by 1.5 times in recent years. Energy costs for the
manufacture of the main types of electrical products in
Ukraine are 3.5-9 times higher than in the developed
countries of the world [4, 16, 22];

o depreciation of fixed assets of the fuel and energy
complex [16];

o insufficient investment in the electric power
industry, including in the development of -electrical
engineering and in the renewal of equipment for power
plants, in scientific research, in the improvement of
technological processes at industrial enterprises and in the
education system [4, 23];

e imperfection of the regulatory framework for the
industry in market conditions, the crisis of payments at all
levels [4, 13].

External factors include a high level of
monopolization in the electric power sector, unregulated
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by state supplies of imported fuel and energy resources
and electrical equipment [16, 24], as well as the
dependence of nuclear energy, the main supplier of
electricity in Ukraine, on imports of nuclear fuel and
equipment, and existing storage problems of spent nuclear
fuel and nuclear waste [8, 16, 24]. More distant problems
of nuclear power should also be noted: the
decommissioning of NPPs units that have worked out the
service life (taking into account the possible extension of
this period), and the tasks of their subsequent
maintenance. This is a common problem that is being
addressed all over the world.

It can be concluded that the direction of
development of the electric power industry is clearly
national in nature, but it is obvious that in any scenario of
development and any technical and economic state of the
country, work should be continuously carried out to
improve the TGs — the main sources of electricity for a
very long time [16]. For the electric power industry of
Ukraine, during the construction of new units and the
modernization of the operating ones, it is necessary to use
TGs of a larger unit power, to continue work on their
improvement. This will provide the country with a
sufficient amount of electricity, i.e. will ensure its energy
independence, as well as TGs will become an item of
export to many countries of the world, which will
preserve the importance of Ukrainian products in the
world market [16, 25].

Such an assessment of the future of the nuclear
power industry may raise questions and objections against
the background of the general enthusiasm for «green»
energy. But already in 2018, the IAEA revised its
forecasts for the development of nuclear power. The
TIAEA predicts an increase in energy production at NPPs
until 2050: under the optimistic scenario — 3969 TWh in
2030 (11.5 % of the total world electricity production)
and 6028 TWh in 2050 (11.7 %). Under the pessimistic
scenario, these figures will amount to 2732 TWh in 2030
(10.3 % of the global electricity generation) and 2869
TWh in 2050 (5.6 %) [8, 10, 13, 26].

Today there are 450 operating NPP power units in
the world. According to experts, the expansion of power
at the present time, as well as the near and long-term
growth prospects, are characteristic mainly for Asia. Of
the 34 reactors under construction, 19 are located in Asia,
and 28 of 39 recently commissioned reactors, which were
connected to power grids, are located there [26]. Most of
the power units are operated in the USA (100), France
(58), Japan (43), Russia (36) and China (36). The total
generating power of the NPPs is over 392 GW. Since
2018, the commissioning of new power has amounted to
302 GW, 117 GW have been decommissioned, as a result,
the net increase in installed NPPs power is 185 GW
[10, 24]. According to forecasts, by 2030, the total power
of nuclear installations (with innovative-revolutionary
scenario of development) will increase by 88 % [24].

The disasters at the Chernobyl nuclear power plant
(1986) and at the Fukushima-1 nuclear power plant
(2011) led to a rethinking of the idea that nuclear

generation is a safe way to generate electricity. As a
result, the Japanese authorities decided to work on the
closure of all nuclear reactors in the country. Germany,
which before the disaster was one of the largest
consumers of nuclear energy, has now closed 8 of 17
reactors. Other European countries have also scaled back
their plans to develop nuclear power. However, this did
not force some countries to abandon plans to build NPPs
in addition to existing HPPs and TPPs (coal and gas). In a
number of countries where hydrocarbon resources are
scarce, nuclear power is perceived as an efficient and
economical way to generate electricity. The World
Nuclear Association (WNA) states that more than 45
countries are actively striving to develop nuclear
programs [10, 18, 24, 26].

One of the additional factors confirming the need to
build new NPP units is the inadmissibility of the
construction of TPP units, because it is the TPP emissions
that determine the main threat to the environment. It
should be noted that for countries with developed nuclear
power, technologies for the disposal of radioactive waste
are less expensive than technologies for the disposal of
waste from TPPs, aimed at reducing harmful emissions to
the required levels [18, 27].

Generating electricity from renewable energy
sources (RES) can be considered a promising alternative.
According to the forecast of the World Energy Council
(WEC), the share of energy from RES by 2025 will
account for 1150-1450 million tons of standard fuel
(5.6-5.8 % of total energy consumption) [8, 13]. It is
expected that the share of certain kinds will be: biomass —
35 %, solar energy — 13 %, hydropower — 16 %, wind
energy — 18 %, geothermal energy — 12 %, ocean energy
— 6 %. It was planned that by 2030 alternative sources
could provide up to 40-50 % of the energy of the current
level of its consumption, that the largest increase in
electricity production until 2040 will be determined by
the developing countries of Asia (up to 45 % of world
electricity generation [15]) and that by 2040, global
electricity production from RES will exceed 50 %. It is
assumed that in European countries the share of RES
(including hydropower) will reach 68-72 %, and only
RES (excluding hydropower) will provide 51-56 %. So.
Europe will become the second region after Central and
Latin America, in which by 2040 more than half of the
electricity is expected to come from non-fossil fuels (all
types of RES including hydro resources) [12]. At the
same time, according to the forecast, coal is expected to
remain the dominant source of generation in developing
countries in Asia by 2040; in North America, the Middle
East and Africa — gas TPPs; in South and Central
America, the first place will remain for the generation of
electricity at hydroelectric power plants, and only in
Europe, RES can become the main ones. Therefore, the
assertion that mankind has no future without alternative
energy sources to nuclear energy is, in our opinion, too
categorical, but this only once again emphasizes the need
to search, research and introduce new sources of

ISSN 2074-272X. Electrical Engineering & Electromechanics, 2021, no. 4 23



electricity, for example, hydrogen energy or controlled
thermonuclear fusion energy.

The main disadvantages of RES should be
considered the low specific density and inconstancy of
electricity generation, dependence on weather conditions,
time of year and day, low efficiency (with the exception
of hydroelectric power plants), high cost with low unit
power of power plants. The inconstancy of primary
energy resources (wind, sun), up to a complete absence,
makes it necessary to install and maintain additional
energy accumulators and/or backup sources. As a result,
the cost of the generated energy turns out to be high even
in the absence of a fuel component in the final price of
electricity.

The low specific power of RES requires an increase
in the number of power units. For example, the average
annual value of the specific power of solar panels for
the sunniest regions of the world (taking into account
seasonal and weather fluctuations) does not exceed
250 W/m?, and in Ukraine, the average density of solar
radiation on the earth's surface at noon on a clear day is
about 120 W/ m” In our latitudes, even in cloudless
weather, solar panels rarely operate at full capacity, on
average this figure is 50-60 % in summer and 10-15 %
in winter, i.e. a 275 W panel will generate about
140-145 Wh on a summer day. On average, in Ukraine,
a solar panel with power of 1 kW in a year generates
1100 kWh of electricity (Fig. 4) [2, 16, 28]. Similarly,
wind energy has a low specific power: the average
specific energy density of the wind flow, as a rule, does
not exceed several hundred W/ m”. At a wind speed of
10 m/s, the specific energy density will be about
500 W/ m’.
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Fig. 4. Average electricity generation by solar panels in Ukraine
per 1 kW of installed power

In Ukraine, only in some regions (4 % of the
territory) a steady wind speed («wind rose») is 4-4.5 m/s,
so the specific energy density is insignificant, up to
100 W/m?. For comparison, the energy density of a water
flow with speed of 1 m/s is about 500 W/ m% and the
density of the heat flow, which «presses» on the walls of
steam boilers at TPPs and NPPs, reaches several hundred
kW/ m? [16, 29, 30].

The COVID-19 pandemic (2020-2021) has changed
the forecasts for the development of the electric power
industry, caused more disruptions in the energy sector
than any other event, and its consequences can be
expected to be felt for years to come. Currently it is
difficult to assess how the current crisis will affect the

development of the electric power industry: whether it
will accelerate or slow down the creation of a safe and
sustainable energy system. The pandemic is not over yet,
which introduces uncertainty in energy consumption
issues, and it is probably too early to predict important
decisions in the field of energy policy. In addition, the
economic crisis is causing significant changes in the
strategic orientation of energy companies and investors,
in the activity of energy consumers. The World Energy
Prospects Program [3, 12, 21] contains two possible

scenarios: optimistic (The Stated Policies Scenario,
STEPS — a forward-looking policy scenario) and
pessimistic  (Delayed Recovery Scenario, DRS).

According to STEPS forecast, global energy demand will
recover to the level of the beginning of the pandemic by
early 2023, but in the event of a protracted pandemic, an
even larger decline is expected (according to DRS) and
demand will only recover by 2025.

Before the epidemic, a forecast was made that
electricity consumption for the period 2019-2030 will
grow by 12 %. The growth forecast has now changed to
9 % (STEPS) or 4 % (DRS). And this growth will mainly
be driven by developing countries (China, India). In
countries with developed economies, the demand for
electricity is decreasing, investments in the energy sector
and in the production of new equipment are decreasing,
and the volume of construction work is decreasing [24].
But under any scenarios and features of the current
period, all researchers predict an increase in energy
consumption. Therefore, it can be argued that for the next
20-30 years, with all the understanding of the problems of
nuclear energy, the daily, sustainable supply of electricity
to the population of the planet will be provided by NPPs,
i.e. by TGs installed on units [8, 13, 19, 24].

The main directions and problems of creating
modern TGs. In world practice, since the middle of the
last century, the unit power of the TGs has increased by
7-7.5 times, from 200 to 1500 MW, and if we count
from 1898, when Charles Brown (since 1971 Abegg and
Rauhut) produced the first 6-pole TG with power of
100 kVA, the power increased by 15000 time. At the
same time, the dimensions and weight of the TGs
increased, which at a certain moment created the
problem of their creation and transportation by rail and
determined the task of minimizing the volume and
weight with increasing power. Until 2000, the
insufficient power of the electric networks also limited
the power of the TGs, since in the event of an
emergency shutdown of a powerful generator, problems
arose with the stability of the network. At present, the
total power of electric grids has become higher, they
have become more resistant to sudden switching off of
generating units, and an increase in the power of TGs
has become possible. The prospect of increasing power
is also confirmed by international practice (Siemens,
ABB Alstom Power, Hitachi, General Electric,
Westinghouse): in Great Britain and the USA they are
designing 2000 MW TGs, in France two TGs with
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power of 1550 MW are already operating, General
Electric is developing two TGs with power of 1750 MW
for Chinese NPPs. It should be emphasized that
all world Companies are oriented on 4-pole generators
[16, 30-33].

To increase the power, it would be logical to
increase the dimensions and weight of the machines, but,
as indicated, this complicates their manufacture and
transportation, and increases the cost. Therefore, the
increase in power is currently being considered without
changing the dimensions. The design takes into account
the technological capabilities of related industries: the
capabilities of metallurgical enterprises, turbine-building
enterprises, enterprises for the creation of controlled
nuclear reactors, the possibility of transporting TGs to the
consumer [34-36]. The increase in power is also
expedient from the point of view of economic indicators.
For example, the total mass, cost and losses of several
TGs are always greater than the mass, cost and losses of
one machine of the same power. It is calculated that when
using one TG instead of several, the power of which is
equal to the power of one TG, the mass, cost and losses

decrease approximately % in comparison with the

same indicators m of TGs of lower power. On the
example of TGV-300-2 turbogenerator, the possibility of
increasing the power from 300 MW to 500 MW by
changing the electromagnetic and geometric parameters
of the structure (within acceptable limits) with practically
the same dimensions is shown [16].

Hundreds of TGs operate at the power plants of
each power system, i.e. any TG on the unit operates in
parallel with other generators in the power system. For
stable operation, all of them must generate consistent
voltage, otherwise equalizing currents will arise between
machines operating in parallel on the same electrical
network. For this, the rotors of all generators must rotate
at synchronous speed and at each moment of time occupy
a certain angular position. In case of loss of stability,
there is a massive shutdown of generators, the power
system «falls apart». It is because of this that a major
accident occurred in the United States in 1965 [37].
7 states with a population of about 30 million people were
left without electricity, the damage exceeded USD
100 million. The only part of the power system that was
not affected is the area of Fort Erie near Buffalo, Ontario,
which was powered by old generators with frequency of
25 Hz. For 5 minutes, chaos reigned in the power
distribution system in the northeastern United States, as
due to overloads that cascaded throughout the network,
the TGs were disconnected by the protection system.

Unfortunately, the higher the power of the TG, the
less «stable» it is in parallel operation. This is because
with the growth of the unit power of the TGs, they try not
to change their mass and dimensions. In powerful TGs,
the rotors become relatively lighter, less inertial and,
therefore, less stable in emergency modes (Table 2). With
each new step in increasing the TG power, the problem of
reducing stability becomes more and more urgent and
requires additional research.

Table 2

Data of the TGs of power 63-1200 MW

T Power, Rotor mass, TG mass, Ratio of the rotor mass to the Manufact
MW t t total mass of the TG, % anutacturer
TVF-63-2 63 25,4 123,6 20,6
TVE-110-2E 110 28,9 151 19,1 ISC «Electrosilar
TVF-120-2 120 30,8 179 17,2
TVF-200-2 200 41,8 265 15.8
TGV-200-2 200 48,7 321 15,2 SE Pl
TGV-200-2M 200 48,1 256 18.1 «Flant
«Electrotyazhmash»
TGV-300-2 300 55,8 364 15,3
TVM-300-2 300 50,4 333 15,1
TVV-320-2 320 55,1 340 16,2
TVV-500-2 500 65 444 14,6 JSC «Electrosila»
TVV-800-2 800 84,0 615 13,7
TVV-1000-2 1000 86,5 641 13,5
TVV-1200-2 1200 96 670 14,3

Figure 5 shows the tendency of change in the
relative rotor mass (the ratio of the rotor mass to the total
mass of the TG, %) with a change in the TG power.

The decrease in the stability of the system due to the
relative decrease in the mass of the rotors of the
generators is compensated by the use of high-speed
thyristor excitation control systems and automatic voltage
regulators: with smaller mass of the rotor, its inertia
decreases and during transients (or at a short circuit) the

rotor of the TG begins to «swingy, i.e. the stability of its
parallel operation with the electric network decreases, but
the automatic excitation control system increases the
excitation current. Here, electromagnetic forces increase
in the generator, which, as it were, connect it with other
TGs, which protects the power system from collapse.

To maintain the characteristics of domestic TGs at
the world level, in addition to the above tasks, additional
research is needed to ensure trouble-free operation of TGs
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Fig. 5. Dependence of the ratio of the rotor mass to the total
mass of the TG, depending on the power

in transient modes associated with «peaks» and «dips»
of power consumption, operation in modes of reactive
power consumption, it is necessary to reduce
maintenance and repairs costs to ensure the reliability
and durability of individual units and parts. Increasing
the efficiency of the TGs also requires improving the
supply systems (gas, water and oil supply systems),
improving and increasing the reliability of the excitation
system, introducing automatic systems for monitoring
the state of the TG, using the methods of modern
technical diagnostics of the most stressed joints and
elements both in online mode, and during scheduled and
emergency repairs.

The current stage is characterized by the emergence
of new types of TGs, steel grades and insulating
materials, the development of new methods of extending
the service life of TGs installed at TPP and NPP units
[23, 36]. To establish the pre-emergency state of the TG,
identify defects, and exclude long-term downtime due to
emergency shutdowns, it is necessary to introduce
complex diagnostic systems [25, 30]. Work continues to
further increase the power per unit of performance due to
the introduction of new electrical insulating materials,
forgings with higher strength characteristics, electrical
steels with lower specific losses, to intensify the cooling
of windings and cores [30-32].

Also, when creating modern TGs, it is necessary to
comprehensively solve scientific problems related both
directly to TGs and to systems of excitation, regulation,
control and protection [16, 31]. When developing new
designs, it is necessary to take into account the
peculiarities of the power system operation and,
accordingly, the operation of the TG in non-nominal
modes: with «peaks» and «dips» of the load, operation
with the condition of ensuring the balance of active and
reactive energy in the network, etc. The TGs installed at
power plants are not designed for such operating
conditions: they are not maneuverable enough and are
limited in solving the issue of reactive power regulation;
have terms of operation exceeding the terms established
by the manufacturer. The latter causes additional
problems: «aging» of insulation and wear of structural
materials, decrease in mechanical reliability and integrity
of laminated stator cores, fasteners, etc. [16, 36].

Therefore, when designing a TG, additional requirements
should be established:

e ensuring increased maneuverability of the TG with
the possibility of at least short-term consumption of
reactive energy from the network. The consumption of
reactive energy should be limited only by the stability of
the generator operation in the power system, and not by
thermal and mechanical processes in the machine;

e ensuring high controllability, the possibility of
regulating the TG rotation frequency (up to short-term
asynchronous modes) while maintaining power, ensuring
their stable connection with the grid in order to increase
the economic and operational performance of the power
plant [27, 31];

e cnsuring the possibility, when carrying out repairs
and modernization of TGs, to increase their power in the
established size, improve the cooling system, make the
necessary changes in the design of inactive elements of
the TG using modern calculations, technologies and new
materials.

Developers of modern TGs should:

e to maintain constant technical indicators when
changing operating modes of the power system, to know
the permissible limits of TG participation in maintaining
the balance of active and reactive power;

e when increasing the power of the TG in the process
of their modernization, to achieve the preservation of
dimensions for the use of existing foundations and
supporting systems;

e to improve the TG cooling system, carry out work
on the replacement of cooling agents, in particular, in TGs
with power of 300 MW and more, to replace explosive
and fire hazardous hydrogen with air [30];

o to ensure the competitiveness of TGs, continue work
to reduce their specific weight (kg/kW) by improving the
design of the inactive zone [7, 36];

e to improve the programs for assessing the technical
condition of TGs to determine the possibility of extending
their service life, establishing the necessary and sufficient
amount of repair work;

e to continue researching the prospects of installing
asynchronized TGs at TPP units in parallel with operating
synchronous TGs to increase the reliability and stability
of their operation and the operation of the system [16];

e to improve the system of targeted training and
retraining of specialists of all levels (skilled workers,
engineers), solve the issues of ensuring the economic
interest of power plant workers to keep them in the
national electric power industry [23].

It should be noted that the creation of modern TGs is
necessary not only for TPPs and NPPs. The creation of
new types of TG is also necessary for modern wind
power. Increasing the power of WPPs requires an increase
in the power of generators. This increases the weight of
the machine, which must be installed at an ever greater
height. For example, a 12 MW WPP tower (Haliade X,
General Electric) has height of 260 m [28, 40]. For
such installations, the issue of reducing the weight of
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each element and, first of all, the generator is one of the
main tasks.

The use of TGs with magnetoelectric excitation
(with excitation from permanent magnets) instead of
electromagnetic excitation does not solve this problem.
A promising solution can be considered the use of
generators with HTSC windings, which will reduce the
weight and dimensions of superconducting generators by
3-4 times in comparison with conventional generators of
the same power. A generator with HTSC windings for a
WPP with power of 8 MW will have diameter of 3 m and
weight of 120 tons, while a conventional («warm») TG of
the same power will have diameter of 9 m and weight of
450 tons, i.e. the weight of the TG with HTSC windings
will be 3 times less. Besides, the cost of the WPP will
also decrease from 6.7 to 3.2 million USD. According to

the studies carried out, the weight of additional cryogenic
equipment for different designs of the HTSC generator is
less than 4 % of the total weight of the generators, i.e. the
additive is insignificant [38, 39].

Also, when TGs with superconducting windings are
used for WPPs, the production areas required for their
installation will decrease, which are wusually very
significant. Thus, an offshore WPP SG 14-222 DD
(power 14 MW, working diameter 222 m, length of one
blade 108 m) requires the area of 39-10° m? [21, 28, 40].
(For comparison, the area of one NPP power unit with a
1000 MW generator and with a VVER-1000 reactor is
about 9.1-10° m?). Some parameters of WPPs with a TG
with power of 10 MW with different types of
superconducting windings are given in Table 3.

Table 3
Parameters of WPPs with different types of TGs with power of 10 MW with superconducting windings
TG with windings of TG with windings of | TG with windings of
Parameter LTSC cond_uctors HTSC conductprs LTSC conductors
NbsTi (AMSC — American MgB,
(General Electric) Superconductor) (Kalsi Engineering)
Rotational speed of WPP blades, rpm 10 10 10
Rated voltage of the generator stator winding, kV 3.3 0,69 4,5
Rated current, A 1750 - 1360
Cooling medium operating temperature, K 4 80 30
I;I:ltlsi; r(r)lfe ;Iftgenerator with additional cryogenic 143 150 525
Outer diameter of the generator, m 4,0 4,5-5 5
WPP diameter, m 160 190 150
Cost (as for 2018), thousand USD 4963 - 3168,0

For the NPPS, such disadvantages as the problems
of storage and disposal of spent nuclear fuel are known.
But RES also have similar problems — the issue of
recycling spent installations and their individual elements.
Utilization of large WPPs, especially their blades, is a
difficult task. The blades are designed to withstand
extreme weather conditions: frost, heat, hurricane winds.
According to the Bloomberg New Energy Finance
research Company, starting from 2022, in Europe alone, it
will be necessary to dispose of approximately 3800 wind
turbine blades annually [28, 42].

Researchers note that dismantling and disposal
of small onshore WPPs is a difficult, but to some extent
already worked out procedure, but dismantling of
large offshore WPPs has yet to be mastered. In UK
they calculated the costs of dismantling out-of-date
offshore wind farms (located offshore). According to
the optimistic forecast, it will be necessary to spend
1.85 billion USD, according to the pessimistic one — more
than 5.2 billion USD.

It can also be expected that the appearance of large
areas of wind farms can affect the natural movement of
air masses, will facilitate the process of mixing warm and
cold air. And solar panels will reduce the reflectivity of
the Earth's surface. All this will lead to climate change
and new environmental problems.

Since 2009, the EPR (European Pattern Recognition)
project has been operating in Europe under the name
«PV Cycle». Under this program, since 2014, self-
disposal of solar panels has become mandatory for all
manufacturers (EU Directive 2012/19/EU  Waste
Electrical and Electronic Equipment, WEEE) [41, 43].
Centers for the collection of «solar» waste were
established. Some panels are considered hazardous due to
lead or cadmium, and because it is impossible to
determine the degree of danger, experts advise to consider
all solar panels dangerous. Since 2020, all solar panel
manufacturers that trade in the US markets must
participate in the solar energy waste collection program
(EPR project). Therefore, the main problem for the use of
solar panels is to ensure that the costs of production and
disposal are commensurate.

The disadvantages of renewable energy should also
include the features of the operation of generators from
RES on the overall energy system, the impact on its
stability. Due to the instability of generating electricity
from RES, the number of different types of power plants
with renewable sources should be limited. This, in
particular, concerns ensuring the stability of dynamic
processes in power supply systems and, accordingly,
changes in the organization of dispatch control. The
general energy system cannot use large RES without
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increasing the number of maneuverable powers.
A significant introduction of RES, if it is not accompanied
by the installation of additional sources of energy storage,
requires additional power control systems to balance the
constant fluctuations in energy production and
consumption. Also, an increase in the number of power
plants from RES in the power system will lead to a
reduction in the contribution to the energy supply of
traditional power plants, which is good, but will
complicate the ability to regulate the frequency
and voltage in the event of loss of generation or load
[2, 40]. Balancing electricity consumption and
maintaining the voltage frequency in the grid are the main
technical problems in power systems with significant
installed RES power. In Ukraine, according to the
calculations of Ukrenergo, the maximum installed power
of solar and wind power plants, which the unified energy
system can accept without deviations in operation, is
3GW [2,3,21].

Conclusions.

For the sustainable development of the Ukrainian
electric power industry and ensuring its energy security, it
is necessary:

1. When choosing technical and economic solutions for
the development of the electric power industry, one
should focus on the stabilization-stagnation scenario with
an increase in investments in the implementation of
environmental programs.

2. To carry out work on the construction of new units
and on the improvement of electrical equipment of
operating nuclear power plants, as the main sources of
electricity for the next 20-30 years. During the
construction of new nuclear power plant units, it is
necessary to introduce new types of reactors, more
advanced equipment, new technologies for generating,
transforming, transmitting and distributing electricity.

3. To continue work to improve the turbogenerators:
increase their power (up to 1500 MW and more), use new
designs of excitation systems, introduce modern cooling
systems, etc. For the installed turbogenerators, expand the
service and post-repair tests program, carry out
modernization using modern technologies and materials
in order to extend the service life, use a comprehensive
online monitoring of the technical condition of the
turbogenerators.

4. To maintain in working order, modernize the
electrical equipment of thermal power plant units to
ensure sustainable energy supply to consumers until the
launch of new nuclear power plant units and the creation
of industrially significant plants from renewable energy
sources. The construction of new thermal power plant
units is impractical due to the significant impact on the
environment.

5. To continue work on the development of the electric
power industry from renewable energy sources. For
power plants from renewable energy sources that operate
on the unified energy system, install sources of flexible
powers, which will ensure stable operation in transient
modes, and improve the dispatch control system. It is

necessary to continue work on solving environmental
problems that may arise when using renewable energy
sources, in particular, on the issue of recycling elements
of installations that have worked out the established
service life. To supply energy to individual consumers in
Ukraine, it is advisable to develop solar and wind energy
(with power of up to 100 kW).

6. To resume investigations on the use of high-
temperature  superconductors to create electrical
equipment (turbogenerators and other clements of the
power system) with superconducting windings.
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INDIRECT ACTIVE AND REACTIVE POWERS CONTROL OF DOUBLY FED
INDUCTION GENERATOR FED BY THREE-LEVEL ADAPTIVE-NETWORK-BASED
FUZZY INFERENCE SYSTEM — PULSE WIDTH MODULATION CONVERTER
WITH A ROBUST METHOD BASED ON SUPER TWISTING ALGORITHMS

Aim. This paper presents the minimization of reactive and active power ripples of doubly fed induction generators using super
twisting algorithms and pulse width modulation based on neuro-fuzzy algorithms. Method. The main role of the indirect active and
reactive power control is to regulate and control the reactive and active powers of doubly fed induction generators for variable
speed dual-rotor wind power systems. The indirect field-oriented control is a classical control scheme and simple structure. Pulse
width modulation based on an adaptive-network-based fuzzy inference system is a new modulation technique,; characterized by a
simple algorithm, which gives a good harmonic distortion compared to other techniques. Novelty. adaptive-network-based fuzzy
inference system-pulse width modulation is proposed. Proposed modulation technique construction is based on traditional pulse
width modulation and adaptive-network-based fuzzy inference system to obtain a robust modulation technique and reduces the
harmonic distortion of stator current. We use in our study a 1.5 MW doubly-fed induction generator integrated into a dual-rotor
wind power system to reduce the torque, current, active power, and reactive power ripples. Results. As shown in the results figures
using adaptive-network-based fuzzy inference system-pulse width modulation technique ameliorate effectiveness especially reduces
the reactive power, torque, stator current, active power ripples, and minimizes harmonic distortion of current (0.08 %) compared to
classical control. References 22, tables 4, figures 30.

Key words: doubly fed induction generators, pulse width modulation, neuro-fuzzy algorithms, indirect field-oriented control.

Mema Y cmammi npedcmasneno MiHimizayilo nyavcayiti peakmuHoi ma aKxmueHOi NOMYNUCHOCMI ACUHXPOHHUX 2eHepamopie
NOOGIUHO20 JCUGIEHHSI 3 GUKOPUCIAHHAM ANI2OPUMMIE CYNEPCKPYMKU MAd WUPOMHO-IMIYIbCHOI MOOYIAYil HA OCHOBI Helpo-
neuimkux aneopummis. Memood. Ocnosna ponb Henpamo2o YNpaeniHHas AKMUGHON MA PeaxmuHol0 NOMYMHCHICMIO NONAAE Y
Kepyeanui ma pezynosanni peakmusHoi ma akmuHoi NOMYydcHOCmel ACUHXPOHHUX 2eHepamopie 3 NOOGIIHUM HCUBNEHHAM OA
8imMpoeHepeemuyHUX CUCmeM 3 NOOGILIHUM POMOPOM 3MiHHOI weuokocmi. Henpame kepyeanns, opienmosane na noe, - ye Kiacuiuna
cxema Kepysanus ma npocma cmpykmypa. LLlupomuo-imnyabcHa Mooynsayis, 3acHO8AHA HA CUCMEM] HEeYIMKUX UCHOBKIG HA OCHOBI
aoanmueHoi mepeosici, € HOBUM MeMmOoOOM MOOVIAYIL, XAPAKMEPUSYEMbCA NPOCMUM AI2OPUMMOM, AKULL OAE 2apHi 2apMOHIYHI
cnomeopenHs nopienano 3 iHwumu memodamu. Hoeusna. [Ilpononyemvca adanmuena mepedca Ha OCHOBI HEUIMKO20 BUCHOBKY 13
WUPOMHO-IMIYIbCHOIO  MOOYaAyiclo. 3anpononosana nodyoosa memooy mooyaayii Oazyemvcs Ha mMpaouyiiHitl wupomHo-
IMRYAbCHIT MOOYAsYIl ma cucmemi HeuwimKuX 6UCHOBKI6 HA OCHOBI A0ANMUGHUX Mepedc 0N OMPUMAHH HAOIIHO20 Menmoody
MOOYIAYIT ma 3MeHWeHHsl 2APMOHINHUX CROMBOPEHb CIMPYMY cmamopd. Y nauiomy 00caiodicenti Mu GUKOPUCHIOBYEMO ACUHXPOHHUL
2eHepamop 3 NOOBIUHUM HCUBNEHHAM nomydxcuicmio 1,5 MBm, inmezpoganuil y eimpoenepeemuyHy cucmemy 3 HOOGIUHUM POMOPOM,
oo 3MeHWUmuU NYI6Cayii KPymHo2o MOMEHNy, Cmpymy, aKkmueHoi nomyxcnocmi ma peakmugnoi nomyoicnocmi. Pezynomamu. Sk
NOKA3AHO HA PUCYHKAX 3 Pe3VAbMamamu, GUKOPUCTHAHHA MemOoOy WUPOMHO-IMIYIbCHOT MOOYAAYIT HA OCHO8I HeUimKUX 6UCHOBKI6
cucmemu a0anMuUBHUX Mepexc NOKPAUYe epeKmusHicmy, 0CoOIUBO 3MEHULYE PEaKMUBHY NOMYHCHICIb, KPYIMHUL MOMEHM, CIpPYM
cmamopa, nyrvcayii akmugnoi NOMyjucHoCmi, ma Minimizye eapmonitine cnomesopenns cmpymy (0,08 %) nopienano 3 knacuunum
xepysannsam. bibin. 22, Tadmn. 4, puc. 30.

Knouosi cnosa: acMHXpOHHI reHepaTopu 3 NOABIHHHUM :KUBJIEHHSIM, IIUPOTHO-IMIIYJIbCHA MOAYJIAIisA, Helipo-HewiTKi
AJITOPUTMH, HelIPpAIMe KepyBaHHs, OPiCHTOBaHE Ha MoJIe.

Introduction. In recent years, the traditional pulse
width modulation (PWM) technique has drawn much
attention from industry and research groups. The main
advantages of the traditional PWM technique are its ease
of implementation and simple algorithm compared to
space vector modulation (SVM). But, this strategy gives
more harmonic distortion of voltage and electromagnetic
torque ripples. To overcome the drawbacks of the
traditional PWM technique, a fuzzy PWM strategy has
been presented [1, 2]. In the fuzzy PWM strategy, the
hysteresis comparators are replaced by the fuzzy
controllers. This proposed strategy minimized the
harmonic distortion of voltage compared to the classical
PWM technique. In [3], the authors proposed the use of a
PWM technique with a neural algorithm applied to the
doubly fed induction generators (DFIG) drive, where the
hysteresis comparators are replaced by neural algorithms.
The simulation results show that the neural PWM
technique is better than the classical PWM strategy in
terms of reducing the harmonic distortion of voltage and
torque ripples. In [4, 5], the fuzzy PWM strategy reduced

the harmonic distortion of voltage compared to SVM and
neural SVM techniques.

Recently, the Indirect Active and Reactive Powers
Control (IARPC) method has been widely used for the
control of AC machines. JARPC, based on classical PI
controllers, has attracted a lot of research control
machines for the last two decades. The IARPC method is
one of the most used control techniques for wind power.
This technique is simple algorithms. This technique is
similar to field-oriented control (FOC). In [6], the authors
proposed the use of an IARPC method with the neural
SVM technique. In [7], an IARPC command based on a
two-level fuzzy SVM technique has been proposed. The
simulation results show that the IARPC control with
fuzzy SVM strategy is better than traditional [ARPC with
classical SVM strategy in terms of minimizing the torque
and active power ripples. In [8], a modified IARPC
control scheme was proposed based on neuro-fuzzy
algorithms with SVM strategy, where PI regulators were
replaced by four controllers based on neuro-fuzzy
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algorithms. In [9], the IARPC control is the robust control
compared to the direct active and reactive powers control
(DARPC) of DFIG. IARPC control and three-level fuzzy
SVM techniques are combined to reduce the torque,
active and reactive power ripples of the DFIG [10].

The aim of this paper is the reduces the active and
reactive power ripples and improve the effectiveness of the
indirect active and reactive powers control using the
proposed pulse width modulation technique and super
twisting algorithms (STA) for doubly fed induction
generators based dual-rotor wind turbine (DRWT) system
under variable speed wind and also to minimize fluctuations
in current, active power, torque, and reactive power.

In this work, the IARPC with STA controllers and
three-level ~Adaptive-Network-based Fuzzy Inference
System — Pulse Width Modulation (ANFIS-PWM)
technique has been considered. The original contribution of
this work is the application of the STA controllers and
three-level ANFIS-PWM technique in the IARPC method
with a DFIG-based DRWT system. The proposed method
is compared with a classical IARPC control. The
simulation results validate that the STA-IARPC with
ANFIS-PWM technique reduced the torque, active and
reactive powers ripples of the DFIG-based DRWT systems.

Three-level ANFIS-PWM technique. The classical
PWM technique goal is to control the three-level inverter.
In the three-level PWM technique, six hysteresis
comparators were used. The PWM technique, which is
designed to control the classical three-level converter, is
shown in Fig. 1. PWM techniques are widely used as
front-end converters in electronic drives. The advantage
of a classical three-level PWM technique is a simple
modulation scheme and easy to implement compared to
the SVM strategy. Its application has been in electronic
drives and controls. But this technique gives more
harmonic distortion of voltage and electromagnetic torque
of AC machine drive.

Fig. 1. The classical three-level PWM strategy

In order to improve the classical three-level PWM
performances, complimentary use of the ANFIS algorithm
is proposed. The principle of the three-level ANFIS-PWM
technique is similar to the classical three-level PWM
technique. The difference is using the ANFIS algorithm to
replace the classical hysteresis comparators. Figure 2
shows the principle of the ANFIS-PWM strategy of a
three-level inverter. Major advantages of proposed PWM
techniques are as follows: minimized active and reactive
powers ripples, a simple algorithm, and robust strategy. On
the other hand, voltage space vectors generated by the

three-level inverter in the coordinate system a-f are shown
in Fig. 3, there are a totally of 27 vectors: 25 active vectors
and three zero vectors in a-f coordinate systems. In this
work, the modulation method with the use of 6 controllers
from the same technique has been applied.

ANFIS
ANFIS
ANFIS

Fig. 2. The three-level ANFIS-PWM strategy
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Fig. 3. Voltage space vectors generated by three-level inverter
in the coordinate system o—f

The schematic diagram of the ANFIS regulator is
given in Fig. 4. Membership functions in triangular shape
are shown in Fig. 5. The rule base of the ANFIS is shown
in Table 1.

K1
0=
=04
du/df—K2 °
Neural algorithm

Output
Fig. 4. Block diagram of the ANFIS algorithm
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Fig. 5. Membership functions
Table 1
ANFIS rules of the hysteresis comparators

ANE NB NM NS EZ PS PM | PB
e

NB NB NB NB NB NM | NS EZ
NM NB NB NB NM NS EZ PS
NS NB NB NM NS EZ PS PM
EZ NB NM NS EZ PS PM | PB
PS NM NS EZ PS PM PB PB
PM NS EZ PS PM PB PB PB
PB EZ PS PM PB PB PB PB
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ANFIS algorithms were originally introduced in 1993
[11], the advantage of an ANFIS algorithm is a simple
method and robust. This regulator has combined the
advantages of the fuzzy and neural controllers. In order to
make the ANFIS algorithm, we used the conventional
neural network with Conjugate Gradiant with Beale-Powell
Restarts algorithm. In MATLAB software, traincgb is the
word we use to accomplish this algorithm.

The schematic diagram of the neural regulator of the
ANFIS algorithm is shown in Fig. 6.

Fig. 6. Schematic diagram of the neural regulator

The neural controllers consist of an input layer, two
hidden layers, and an output layer. The parameters of the
neural regulator for the ANFIS algorithms are shown in
Table 2.

Table 2
Parameters of the neural regulator

Parameters Values

Conjugate Gradiant with Beale-

Training Powell Restarts (traincgb)
TrainParam.Lr 0.05
TrainParam.goal 0
Performances Mean Squard Error (mse)
TrainParam.mu 0.8

Number of input layer 1

Number of neurons for input 2

layer

TrainParam.eposh 300

Number of output layer 1

Number of neurons for output 1

layer

TrainParam.show 50

derivative Default (default deriv)
Number of hidden layer 1

Number of neurons for 5

hidden layer

Coeff of acceleration of 0.8

convergence (mc)

Functions of activation Tensing, Purling, traincgb

Figure 7 shows the neural network training
performance of the ANFIS algorithm of the PWM
technique by using the conjugate gradiant with the Beale-
Powell restarts algorithm.

IARPC strategy. The IARPC algorithm was
originally introduced in the 1970s [12]. The IARPC
strategy goal is to control the reactive and active powers
of the DFIG-based DRWT systems (Fig. 8)

Vgs = 0, vy =vs, ()
Vqs = 0’ Vds =0 (2)
M 4
[ds _L_Idr +L_S;
s S
3)
M
[qs = —L—]q,,

Best Training Performance is 0.0033793 at epoch 138

|
Train ||
— — — Best |

Mean Squared Error (mse)

0 2‘0 4‘0 6‘0 éO 160 1‘20
139 Epochs
Fig. 7. Training performance

The expression of the rotor voltages are:

M2
Vdr :Rl"'ldr_wr'(Lr_L_)'Iqr;

MSZ IYR% 4)
Vqr:Rr'[qr+Wr'(Lr__)'[dr+g' z.
LS LS

The expression of the rotor fluxes and powers
becomes:

2
M M.y
‘Pdr:(Lr__)Idr+ S;
LS Ls-Ws (5)
M2
Yyr = (Lr__)lqr'
Ly
3oy M I
ST oL,
2 (6)
Q — _é a)Sl//SM [ _ wSWS
s ) Ls dr Ls -
|-TTTT - TmmeTsEEEEEEEEEEEEEET 1
: |
| *
Qs ref ! :I/r'{i
Q- PI X >
P .
o :
1 Ird 1
I 1
1 1
1 1
1 1
! I
: i !
1 1
1 1
! I
I 1
| 1 *
PS ref | Iqu
sl Pl [ LAM—QR— Pl —R-—>

Fig. 8. Structure of the IARPC strategy

The IARPC strategy of a three-phase DFIG-based
DRWT system with PWM technique is shown in Fig. 9.

STA-IARPC  method with ANFIS-PWM
technique. The main objective of using the STA- IARPC
method is to develop a robust control of active and
reactive powers of the DFIG-based DRWT system. In our
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SSC — Stator Side Converter [ Grid
RSC — Rotor Side Converter 1
Pg,.— Active Power Reference

Ogsrer— Reactive Power Reference

Qs ref
7
o &
2
P s ref =
P,

Fig. 9. IARPC strategy of the DFIG

system, the reactive and active powers are respectively
controlled by V. and V.

In the aim to design an advanced IARPC method
with very small active and reactive powers undulations
and without harmonic distortion of current, in our work,
we suggest employing a new IARPC method based on a
three-level ANFIS-PWM technique and STA algorithms
for a DFIG-based DRWT system. This is for essential
objects, including minimizing torque ripple and
improving active and reactive power quality provided to
the grid.

Since the STA algorithm generalizes the basic
second-order sliding mode control design by integrating
second-order derivatives of the sliding variable. This
strategy is proposed by Levant in 1993 [13]. The STA
algorithms have gained importance in the recent past due
to their fast response and superior control characteristics.
The STA algorithm maintains the advantages of the
classical sliding mode control. This algorithm eliminated
the phenomena of chattering compared to the classical
sliding mode control strategy. In [14], the authors
suggest the use of a direct torque and flux control
(DTFC) with the STA algorithm employed to DFIG
drive. A neural STA regulator was designed to improve
the DTFC control of DFIG [15]. Fuzzy controller and
STA algorithm are combined to reduce the torque ripple
of DFIG controlled by DTFC control [16]. ANFIS-STA
algorithm is proposed to reduce the harmonic distortion
and electromagnetic torque ripple of DFIG [17]. In [18],
direct field-oriented control (DFOC) was proposed based
on the STA algorithm with the SVM strategy. The
experimental results show that the DFOC with the STA
algorithm is the robust control compared to the classical
DFOC strategy. In [19], direct reactive and active power
control (DRAPC) strategy based on the STA algorithm
has been proposed. In [20], a modified DRAPC strategy
was proposed based on the neural STA algorithm with a
two-level SVM technique, where the PI regulators are
replaced by the neural STA algorithms. However, active
and reactive power ripples are considered the main
drawback of the conventional DRAPC method. In [21],
the authors proposed the use of a DRAPC with an
ANFIS-STA algorithm applied to the DFIG-based wind
turbine.

The output signal from the STA regulator is
comparable with the control signal obtained from linear

PI regulators. The mathematical model of the STA
regulator can be written as follows [22]:

u=K plS| sen(S)+u;
%— sgn(S) >
ar Kjsgn(3).
where S is the switching function determined for the STA
regulator; r is the exponent defined for the STA regulator;
K; and K, are the coefficients of the integral and
proportional parts of the STA regulator, respectively.

The schematic diagram of the STA regulator is
presented in Fig. 10.

/s »z‘ >

U1 U(Q)

>

Fig. 10. Schematic diagram of the STA regulator

Compared with the traditional IARPC strategy, the
STA-IVC with three-level ANFIS-PWM technique
ensures diverse advantages such as the reduction of torque
ripple, harmonic distortion of current/voltage, active
power ripples. Furthermore, it keeps the robust control, a
simple method of control with almost no changes in the
basic structure of the IARPC strategy. The IARPC
strategy of a three-phase DFIG-based DRWT system with
the application of the classical STA regulators and
ANFIS-PWM technique is shown in Fig. 11.

Grid

L

Fig. 11. IARPC strategy of the DFIG with the application
of STA algorithm and ANFIS-PWM technique

In this control strategy, the reactive and active powers
are controlled by the four STA regulators (Fig. 12).

Simulation results. The DFIG used in this work is a
1.5 MW, 380/690 V, 50 Hz, a machine whose nominal
parameters are reported in Table 3. Both control schemes
classical IARPC and proposed control are simulated and
compared in terms of reference tracking, robustness
against machine parameter variations, and current
harmonics distortion. The simulations are lead with the
MATLAB software.
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Fig. 12. Structure of the STA-IARPC strategy

Table 3
Parameters of the simulated DFIG
P,, MW 1.5
vV, V 380
p 2
R, Q 0.012
R, Q 0.021
L,H 0.0137
L., H 0.0136
L, H 0.0135
J, kg-m? 1000
/» Nm-s/rad 0.0024
1. Hz 50

First test. The objective of this test is to study the
behavior of both IARPC strategies while the DFIG’s
speed is considered maintained at its nominal value.
Figures 15-18 show the obtained simulation results. The
simulation waveforms of the reference and measured
active power of the DFIG are shown in Fig. 15. To
compare the performance of the proposed control with the
performance of the classical IARPC command with the
traditional PWM technique. At the load condition, the
reactive power becomes identified as the load active
power. On the other hand, these waveforms demonstrate
that the analyzed STA algorithm allows obtaining control
signal with the waveforms similar to the output signals
from linear PI regulators. It can be seen that the active
power is controlled properly at the given reference value.

The trajectory of the estimated of reactive power for
the proposed control schemes is shown in Fig. 16. It can
be stated that the reactive power is controlled properly at
the nominal value.

The simulation waveform of all electromagnetic
torque of the DFIG for the considered control system is
shown in Fig. 17. The amplitude of the electromagnetic
torque depend on the value of the load active power.

The simulation waveform of all stator phase currents
of DFIG for the considered control system is shown in
Fig. 18. The amplitude of the stator currents depends on
the state of the drive system and the value of the load
active and reactive powers. On the other hand, Fig. 13, 14
show the harmonic spectrum of the stator current of the

DFIG-based DRWT system for the classical IARPC and
proposed control strategy. It can be observed that the
THD value is minimized for a proposed control (0.08 %)
when compared to classical IARPC with a three-level
PWM strategy (0.47 %).

The response time of the torque, reactive and active
powers for both methods are shown in Table 4. It can be
stated that the proposed control minimized more the
response time of the electromagnetic torque, reactive and
active powers compared to classical IARPC with a three-
level PWM strategy.

Table 4
Comparative analysis of response time
Response time
Active power | Torque | Reactive power
IARPC-PWM 0.135 s 0.135s 0.122 s
Proposed control 3 ms 3 ms 3.7 ms
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The zoom of the active power, reactive power,
torque, and stator current of the DFIG-based DRWT
system is shown in Fig. 19-22, respectively. As can be
seen, the proposed control minimized the ripples in
torque, current, active and reactive powers compared to
the classical IARPC control.
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Second test. For analyzing the robustness of the used
proposed strategy, the DFIG parameters have been
intentionally changed such as the values of the stator and
the rotor resistances R, and R, are doubled and the values
of inductances L, L, and M are divided by 2. The DFIG is
running at its nominal speed. Simulation results are
presented in Fig. 23-27. As shown by these Figures, we
notice that parameter variations of the DFIG increase
slightly the time-response of the proposed strategy. On
the other, hand these results show these variations present
a clear effect on the torque, reactive power, stator current,
and active power curves and that the effect appears more
important for the classical IARPC than that with the
designed strategy (Fig. 28-30). According to the
simulation results in Fig. 23, 24, the THD value of the
output stator current is about 2.06 % and 0.11 % for
classical TARPC and proposed strategy, respectively.
Thus it can be concluded that the proposed strategy is
more robust than the classical IARPC control.
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The zoom of the active power, reactive power, and
torque of the DFIG-based DRWT system is shown in
Fig. 28-30, respectively. As can be seen, the designed
strategy minimized the ripples in torque, active and
reactive powers compared to the traditional TARPC

strategy.
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that robust strategy as the STA-IARPC strategy with three-
level ANFIS-PWM technique can be a very attractive
solution for devices using DFIG such as DRWT systems.
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Y.O. Denisov, O.1. Denisov, O.0. Bursala

SYNTHESIS OF THE DIGITAL REGULATOR OF THE MAIN CONTOUR OF THE
THREE-CIRCUIT SYSTEM OF THE LINEAR ELECTRIC DRIVE OF THE WORKING
BODY OF THE MECHANISM OF ONBOARD AVIATION EQUIPMENT

Goal The purpose of the article is to further develop analytical methods for calculating and synthesizing power electronics systems
with deep pulse width modulation (PWM). A three-circuit linear electric drive system for positioning the working body of the
mechanism of onboard aircraft equipment, in which the linear electric motor is controlled from a pulse width converter (PWC), is
considered. The power converter is included in the current loop. It has a noticeable effect on the level of current ripple, travel speed
and positioning accuracy of the operating mechanism of a linear electric drive. Methodology. To analyze the processes in the
current loop, a discrete transfer function of a pulse-width converter for PWM in the final zone and «in the large» is obtained on the
basis of the statistical linearization of the modulation characteristics of the multi-loop PWM model. The modulation characteristic of
each circuit of the model is obtained as a result of the Fourier series expansion in Walsh functions of the output voltage of the PWM
during the PWM process. Statistical linearization of modulation characteristics is performed based on Hermite polynomials. Results.
During the analysis, discrete transfer functions of closed current loops, velocity and open loop position were obtained, for which a
digital controller was synthesized in the form of a recursive filter. Originality. The parameters of the regulator links are found, which
make it possible to complete the transient process in four PWC switching periods with an overshoot of no more than 6 %. The
analysis of the speed-optimized positioning process of a linear electric drive based on the LED AT 605TU motor is carried out.
Practical significance. The purpose of the analysis was to establish the relationship between the switching period of the PWM and
the value of the uncompensated constant, at which the pulsations of the positioning process are minimal while ensuring the minimum
overshoot and maximum speed. It was found that the specified requirements are satisfied by the ratio between the switching period,
PWC and uncompensated constant in the range of one or two. References 12, figures 4.

Key words: linear electric drive, discrete transfer function, pulse width modulation, positioning error, optimal regulator.

B mpuxonmypuiii cucmemi RiHIlIHO20 eNeKMPONPU60dy, pobouuill opean AKO20 peanizye NOCMYNnaibHe NepeMiyeHHs npu
BUKOHAHHI KOMAHOU 6GOPMOB020 KOMN IOmepa JIimalbHO20 anapamy, 6pax08anuil 6Niu NyabCayitl WUpOMHO-IMNYIbCHOZO
nepemeopogaya NOCMINHOI HaAnpyeu HA Npoyec NOUYIOHYEAHHA. 3 YMOBU KIHYe8OI mpusaiocmi npoyecy NO3UYIOHYBAHHSA
CUHME308AHO YUPPOBUIL peSyIAMOpP 20108HO20 KOHMYPY CUCHeMU | 3aNPONOHO8AHA 1020 peanizayisi y 6ueisidi peKypCusHo2o
yugposozo ¢ginompy. bidn. 12, puc. 4.

Knrouoei crnosa: JiHiliHMI e1eKTPONPHUBO/, AMCKPEeTHA NepeaaBajbHa (QYHKIifA, IHPOTHO-IMIYJIbCHA MOIYJIALIfA, MOMUJIKA
NO3ULIOHYBAHHS, ONTHMAJILHUI peryJsiTop.

B mpexxoumyphoil cucmeme IUHENHO20 SNEKMPONPUSOOA, pabodull OpeaH KOMOpPo2o peanu3yem NOCHYynamenbHoe nepemelyeHue
npU BLINOIHEHUU KOMAHObL BOPMOBO20 KOMNLIOMEPA NEMAMENbHO20 ANNAPAMA, YYMEeHO 6UsHUe NYIbCAYUL WUUPONMHO-UMNYIbCHO2O
npeobpazoeameis NOCMOAHHO20 HANPAMCEHUA HA NPOYecc NO3uyuoHuposanus. M3 ycioeus KOHeuHOU ONumenbHOCmu npoyecca
NO3UYUOHUPOBAHUS CUHMEIUPOBAH YUPPOBOU De2yNsmop 21A8HO20 KOHMYPA CUCMeEMbl U NPeOlodCeHa €20 peanu3ayus 6 eude
Ppexypcusrozo yugdposozo gurempa. bubn. 12, puc. 4.

Kniouesvie croséa: NMHEHHBIH 3JIEKTPONPHBOA, AUCKPeTHasl NepelaToYHass (YHKIMS, HIMPOTHO-MMIYJbCHAS MOIYJISIIMS,
omnoKa NO3MUHOHUPOBAHUS, ONTUMAJIBLHBIH peryJsTop.

Introduction. Problem definition in general. In the basis of usual and linear electric motors of a direct

the context of the problem of creating an electric aircraft
[1] there is an important scientific and practical task — the
replacement of onboard hydraulic and pneumatic drives
that control the linear movement of the working bodies of
the respective mechanisms, with their electrical
counterparts based on linear or stepper motors. The main
requirement for them is to ensure accurate positioning
after the completion of the translational movement
without hesitation.

The accuracy characteristics of a linear electric drive
are affected by load changes and control discreteness,
which causes ripples of the motor supply voltage.

At the stage of designing accurate positioning
systems there is a problem of taking into account the
influence of these factors on the dynamic characteristics:
speed, over-regulation, stability, with their subsequent
optimization.

Analysis of basic research and publications and
problem definition. In [2] the general principles of
construction of systems of the automated electric drive on

current are revealed. High requirements for the accuracy
characteristics of linear electric drives for aviation, space
technology, precise technological processes, due to the
presence of a power converter with pulse width
modulation (PWM) of the output voltage, complicate the
procedure of analysis and synthesis of their dynamic
characteristics with a given quality.

Therefore, in the known works devoted to the
development of systems for these areas, the main
attention is paid to their practical design based on the
analysis of mechanical parts operation modes [3],
programming of control controllers based on fuzzy logic
[4-6] wusing experimental data. For example, the
programming of the training controller for the positioning
system of the machine feed with numerical control is
performed on the basis of experimental amplitude-
frequency characteristics [7]. Electronic modelling is
widely used to study processes in linear electric drives
with different types of loads [8-10].

© Y.O. Denisov, O.I. Denisov, O.0. Bursala
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It can be noted that the methods of theoretical
analysis and synthesis of systems with deep PWM have
not yet received their further development. They are
based on the account of only a constant component, or
taking into account the discreteness of regulation
«in small», when systems with PWM are equivalent to
systems with amplitude pulse modulation.

These methods do not allow to take into account the
influence of pulsations of the supply voltage of a linear
motor, which are a consequence of deep PWM, in the
synthesis of dynamic characteristics of the positioning
system with a given quality. There is an obvious problem
that needs to be solved.

The goal of the work is to synthesize the digital
regulator of the main circuit of the linear electric drive of
the working body of the onboard aviation equipment
mechanism, which provides a transient process of finite
duration taking into account the effect of pulsation of the
converter with PWM, which allows to increase
positioning accuracy.

Presentation of the main material. Diagram shown
in Fig. 1, consists of three circuits: current, speed,
position.

The current circuit includes a current regulator, a
link of current formation and a link of uncompensated
time constant, which is determined by time constants of
filters for smoothing current ripples. Their transfer
functions, respectively:

1+p-T
Kee(p)=Kcs p{?TCE;
1
K p)=
FC( ) Ry(1+p TE)
1
KCT(p):l+p_o_’

where K¢ is the transfer coefficient of the proportional
component; T¢ is the integration constant of the current
loop; T is the electric constant of the motor armature;
R, is the active resistance of the armature; o is the
uncompensated constant.

The source of current ripple is a pulse-width
converter (PWC), which is powered by the onboard
network of the aircraft. In Fig. 1 PWC is represented by a
set of pulse element (PE) with gain Kz, which is equal to
one, and a forming element (FE), CS is a control system
with gain K. The influence of pulsations on the quality
of the transient process of the positioning system in
general can be taken into account using the transfer
function of the PWC, which is a link in the current circuit.

Usr(p)

In [11], as a result of the analysis of the voltage
spectrum at the output of the PWC in the basis of
orthogonal discrete Walsh functions, modulation
characteristics were obtained that reflect the dependencies
of the amplitudes of the spectral components on the duty
cycle of regulation.

The transfer function of the PWC is found in the
form of a vector. Its dimension is determined by the
number of Walsh functions taken into account, which
depends on the cutoff frequency of the system and the
approximation error.

Component of the i-th vector of the transfer function
of the link with PWM (forming element):

+1J

exp(—lq)—exp(—
i W m m
Klpws (Q):ml(i “ q €]

where m is the number of approximating functions;
K" = 1, if the pulse of the unit amplitude of a
rectangular shape is modulated; ¢ = p-T, where T is the
switching period of the PWC; i = 0, 1, 2,...m—1 is the
number of components of the vector of the transfer
function with the range of change of duty cycle
i/m <y <i+1/m.

According to the results of statistical linearization of
modulation characteristics based on Hermite polynomials,
in [11] the transfer function of the PWM link for 0 <y <1
was obtained, which, taking into account the four Walsh
functions, has the following form:

5
Kic—Kic X e
prs (q) = k:q2 (@)
where K]C = 1086, ch =0.1 14, K3C = 0280, K4C = 0246,
Ksc = 0.446 are the statistical linearization coefficients
that correspond to the PWM of the pulse of a rectangular
shape of unit amplitude on a unit period.

From (2) it is seen that due to the statistical
linearization of the four modulation characteristics, the
PWM «in largey is replaced by the equivalent amplitude-
pulse modulation of the four-stage pulse. The amplitudes
of the stages are determined by the corresponding
coefficients of statistical linearization.

The speed circuit contains the link of formation of
counter-EMF with transfer function

Kpe(p)= X ,

p-Ty

where T), is the electromechanical constant; and also the
speed formation link with transmission factor 1/K, where Ky
is the coefficient of counter-EMF of the motor armature.

>

~0,25¢(k~1)

>

i | 1(p) E(p) "p)
9@9 Ker(p) Ks Kecp) P2\ Ker(p) 1 Krc(p) Kre(p) VKg 1>
[ ——
Kss
Ksp 1/[7

Fig. 1. Block diagram

40

ISSN 2074-272X. Electrical Engineering & Electromechanics, 2021, no. 4



The system circuits include sensors of: Kg —
current, Kgs — speed, Ksp — position, as well as the
proportional regulator of the speed circuit with a gain Kj.
Current and speed regulators are set to the modular
optimum.

The structure and parameters of the digital controller
of the main circuit (position) are subsequently obtained as

a result of its optimization by the criterion of speed taking
into account the ripples of the PWC.

Discrete transfer functions of positioning system
circuits. Let's turn the bloc diagram (Fig. 1) into the
diagram (Fig. 2) in which feedback on counter-EMF of
the motor is not taken into account since Ty, >> T¢ [11].

Usp(p)
, 1(p) E(p) "p)
9®9ch@) Ks Kie TKCC(P)QKCT(,D)Q Kex P2 Kopusp) P Kre(p) Kre(p) /Ky 7>
Kse [€Kccp)[€qKerp) (€ Kex €9 Kpsp) eKm(p)(J
KSS
Kgp l/p
Fig. 2. Transformed diagram
a) Current circuit. Assume that the range of w* (z,-0)= s imw” (2,€) - 5 (2,0) =

changes in the duty cycle of the regulation taking into SR pucie L LA
account the four Walsh functions (m = 4) is in the zone ( _ P 7ﬁ( _ 0,25/3) _ 5
i=0,1ie. 0<y<0.25. Then, taking into account (1), the 0.254(z-¢ )+A3e I—e (Z 1) ©®)

transfer function of the feedback circuit of the current
loop is a modified z-transform:

rTc

X

w ﬂ,(z,g) =Zy {KSCKCSKCK

4(1_670,25})7’)

p(1+p 0')

1
R, (1+ pTj) '

X

As a result of the modified z-transform with the
replacement of p = ¢/T, we obtain:

Fi (z,9) ’
(z—l)(z—e_ﬂ)

2
4RSCKCKT Kcs
RyTCG

W p(z,8)=Kp 3)

for range 0 <& <0.25, where K g, =

Fo(z.6)= A[e(z-1)+0,25)(z =P )+
+(z—1)[A2(z_e—ﬁ')+A3e—ﬂ6 (Z_e—0,75ﬁ J’

1

A =
2
s

T

p==.
o

Forrange 0.25<¢<1

F 20(2,8)

(z—l)(z—e_ﬂ)

W*ﬂ)(Z,S):be 5 (4)

where
F*zc(z,g)=Z[O,25A1(z—e_ﬁ)+A3e_ﬁ€(z—eo’25ﬁ)(z—l)}

The left value of (4) is equal to the right value of the
transfer function (3), i.e.:

=K
Jb _
(z—l)(z—e s )
This indicates that at the time of quantization, the
transfer function does not contain jumps.
The transfer function of a closed current circuit for
the diagram (Fig. 2)

. 1
W e (2,0) =

1+ 4 (2,0)
Taking into account (5) we have:
W e(z0)=

(z—l)(z—e_'g) (6)
(z—l)(z—e_ﬂ)ﬂ'(fb [O,ZSAI(z—e_ﬂ)+Ase_ﬁ(1—eo’%ﬂ)(z—l)] .

b) Speed circuit. The transfer function of the part of
the open speed circuit, which is obtained as a result of the
transformation of the diagram (Fig. 1) into the diagram
(Fig. 2), is obtained in the process of the following
modified z-transform:

%
w Cs(z,g):ZM{

4(1 _ 02507 ) R,

X
PKgR, (1+pTg) pTy

x WrTe Kex |
“ pTc l+po

Let's make a replacement p = ¢/T and obtain:

By B, B B,
W o (2,8) = Zyy { Ko | 42+ —1+—0 |
¢ ¢ 49 q9+p
(1-ev)).
where
4K Ky T 1 1 1 1
P, B R R
cRElMO Vg Via B ik
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As a result of the modified z-transform for range
0<&<0.25 we have:

F*psl(z,s)
2(2—1)2 (z—eiﬁ),
and for range 0.25 <& <1 we have:

F*psz(z,g)

2(2—1)2 (z—e_ﬁ)’

W*csl (z,€) = K, (7N

*
w 052(2"9) = Ko

(®)
where
F' (z8)= By [2252 +z(o,44+o,55—252)—0,94}
x(z=e )+ 2By ze -2 -0,75)(z 1) (= )+
+2Bye P (2= )(z=1) +2By(z-1)* (2= F);
F’ pya(2,6) = B3[[ 0,52+ 2(2—1)(0,55 - 0,0625) ]
x(z=e 02 ) By (z-1)(z -7 )z-0,5+
#2Bgze P (1-"297 ) (2 1)

From the transfer function (8) we have its left value:

W o (z,-0) =z im W', (z,6) =
e—l

B3(0,442+0,22)(z—e‘ﬂ)
2(2—1)2 (z—e_ﬂ)

)

Os

By (z-1)(z-¢ 7 )+ 2By (1= )(z-1)?
2(2—1)2 (z—eﬁﬁ)

+

Open speed circuit transfer function for 0 <& <0.25:
W1 @6) =W (2,00 W o (2.6).
and for 0.25 <e<1:
W2 (28) =W (2,00 W eia(z.6)
Closed circuit speed transfer function for 0 < ¢ <0.25:
W 1(2,2)
L+ o (2,0) W o5 (2,-0)

W*ﬂm(zag) =

and for 0.25<e¢<1:

W*ssz (z,¢)
1+ W (2,00 W 5 (2,-0)

W pa(z.6) =

¢) Position circuit. The transfer function of the open
position circuit:

* * K
w ﬂ,pl(z,g):W fbsl(z,g)~ 0<e<0.25;

K

z

Taking into account (6)-(9) after the corresponding
transformations we have the transfer functions of the
position circuit in the open state:

* * V4
w /bp2(Z,€):W fbsz(Z,S)' Sfl N 025<¢e<1.

w fbpl(z,g) =K x

X24013(8)+23012(8)+22011(8)+Zalo(€) (10)
(z— 1)[23193 (1) + 22y (1) + 2By (1) + by (1)} ’
for 0 <e<0.25;
W pa(z,8) = Ko x
. 2 ar3(6) + Pany () + 22ay (€) + zary(e) (11

(z- 1)[z3b3(l) +22b, (1) + 2By (1) + bO(l)J
where 0,25 <eg<1,
KO = KOiK

'
a13(&) = Bye? +2Bye + 2B, +2Bye 7%
a5 (£) =By (0,44+ 0,56 — 262 — &2 -e_ﬂ)+
+2B, [0,25 —g—g(1+e‘ﬂ )} —231(2+e‘ﬂ)—
—230(2 +¢70758 )e_ﬁg;
a11(6)= B[ 0,06+22 ~0,55 7 (0,44+0,58—26‘2):|+
2B, [g(1+e‘ﬁ)—0,25(1+e‘ﬂ)+g~e‘/’]+
2B, (1 + 2e‘ﬁ) +2B, (1 +2e70758 )e‘ﬂg;
ao(€) = By [—e_ﬁ (0,06+¢ - 0,55)] "
428y (—ee P +0,25¢77 ) -28, ¢ ~ 28y 0T,
by(1) = 2(1+ Koo ye ™ )
by(1) = Ko, (o,sA1 - 6A3e‘ﬂ) + Koy (0,45B; + By) —2¢7 7 ;
by(1) = 2(1 + 2e‘/”)+
+Kp, [33 (0, 05-0,45¢77 ) - B, (1 +ef )} +
+Ky, [6,435/* ~0,54, (1 +eh )]
by(1) = Ky, (0, sde? — 24507 ) -
~Ky, (o, 05Bse™ ~Bye ) -2e7F;
ty;(6) = By (0,56 —0,22) + 2By (1—e‘°’25/3 )+32 0,5;
tyy (&) = By [o, 0625-0,5(1+¢7 )+0,0625¢ } -
=By (1+e 7 )= aBpe P (1-025F);
ai(2) = 2Bge P (1= )+

+0,5B,¢ 7 — B;(0,5625-0,5¢);

a) (8 ) =0.

Synthesis of digital position circuit controller. The
purpose of the synthesis is to ensure the final duration of
the transient process in the positioning circuit with
minimal over-regulation. To do this, we use the most
general, the second polynomial equation of synthesis [11].
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We present the transfer functions of the open position
circuit as follows:

Wt (226) =— 1) for 0 <2025,
(z-1)0(z)
%
W*_fbpz(Z,g):sz) for0.25<e<1,
(=10 (z)
where
P(z8)=

» (12)
]

=Ky [a13(€)24 +a(8)2 +ay ()2” +ap(e)z
P'y(z,6) =K, [%3(8)24 +ay(6)2 +a21(5)22} , (13)

i
0'1(2) =23+ 2%y (1) + 2y (1) + By (1)
Minimum duration of the transient process:
Smin :lQ tr—n,

(14)

where [ are the degrees of denominators (10), (11), 7o =1
is the own astatism of the position circuit, » = 1 is its
astatism according to the results of the synthesis
procedure. Therefore, Sy, = 4.

For a stable continuous part of the positioning circuit
at ranges 0 < ¢ < 0.25 and 0.25 < ¢ < 1 the following
relation is true:

P(2,0)-M"(z,0)+(z-1) N (z,0)=z*,  (15)

where M *(z, 0)=C, 1is the polynomial of the degree
ly=r—1=0,

N'(z,0)=dyz* +d32° +dy 2 +diz+dy,  (16)
is the polynomial of the degree Iy >/p, where [, = 4 is the
degree of Pl*,(z, e).

As aresult (15) takes the form:
CoKo| a3z + a0z +ay; (07 +ayp (0 |+
. (17)

+(z—l)(d4z4 —l—d3z3 +d222 +dlz+d0) =24

We equate the coefficients of the same degrees z,
and from (17) obtain:

Cp=—
KOAn(O)
where
3 a10(0)
A4,(0)= 0), dy=0, d;=-2
n( ) %aln( )9 0 ) 1 An(0)>
>
ai, (0)
_a19(0)+a,1(0) do =0 ! di=0
= , = , 4=
4,(0) 4,(0)
As a result we have:
2 1
Zaln (0) Zaln (O)
* 30 2.0 alO(O)
N (z,0)=z +z +z . (18)
4,(0) 4,(0)  4,(0)

The transfer function of the series-activated optimal
controller:

04(2) M (2,0)
(z=1)70 . N"(z,0)

K:cp (z,0)=

Taking into account (14), (16), (18) we obtain:
2y (1)+2%hy (1) +201 (1) + 5y (1)

2 1
KO 23261]” (0)"1‘222611” (0)+Za10 (0)
0 0

Divide the numerator and denominator of (19) by

Kyqp (2,0)= .(19)

2
KoY a,(0) and obtain:
0
-1 -2 -3 —4
K. O)—Z Ho+ iz ~+ 3z " Y gz
ocp =M 1 -1 -2 -
+oa1z  topz

. (20)
_ AUOUT [Z, 0]
AUIN* [Z, 0] ’
where
1 1 1
ﬂoz—b;() , ﬂ1=—l;2() ) ﬂ2=—l;l() >
Ky a1,(0) Ky a1, (0) Ky a1,(0)
0 0 0
1
> a1, (0)
1 0
= 1;0() ;o= ’ 052:2“10().
KoY a1,(0) > a1, (0) > a1,(0)
0 0 0

From (20) we found that:
3 2
AUgur [2:0]= AU [20]Y sz -AUpyr [2,0]D gz .
1 1

The obtained z-image AUour [z, 0] corresponds to
the original of the difference equation:

AUgur [nT]=

= Z?:”kAUlN* [(n-k)T] _Z?:akAUOUT* [(n-k)T] .21

The difference equation (21) is solved by a digital
recursive filter (Fig. 3), which contains four delay links
for one period of switching of the PWC and amplifiers in
the forward and reverse transmissions with gains iy, o.
Implementation of a digital filter is possible on the basis
of a programmable microcontroller.

AUgyrlnt]

[ |

AUp[nt]

Fig. 3. Block diagram of the position regulator

Transient process analysis in an optimized
positioning system. When the optimal synthesized
controller is included in the position circuit, the optimal
transfer functions of the closed positioning system for
ranges of the current parameter ¢ values:
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w 12ﬂ)p(z £)=P" 12(2, €)M

Taking into account (12), for 0 <& <0.25 we have:

* _a13(8)z4+a12(£)z3+a11(5)22+a10(£)z

w 22
i 4,0)-2* 2

)
Similarly, taking into account (13), it is possible to
obtain the optimal transfer function of the closed
positioning system for 0.25 <e < 1.
Image of the transient -characteristics
positioning system:

of the

Hl,Z* [Z,S] =iW*ﬂJp(Z,€).

Taking into account (22) we have:

1
H(z,¢)= y (O){ a3(¢ )

1 1 1
+app (&) —+ay (&) <+ a5 —— |
z— z(z—l) z (2_1)
The image of the transient characteristic for the
values 0 <e<0.25 corresponds to the original:

*

H 1(}’1,5) [a13(€)+

n( )
+a12(5)[n—1]+a11(5)[n—2]+a10(5)[n—3]].

Similarly, it is possible to obtain the transition
characteristic H »(n, ¢) for the values 0.25 <& < 1.

From expression (23) it is seen that in the system
optimized by the criterion of speed of the system the
transient positioning process is completed in four periods
of switching of the PWC. The optimization process
begins with a delay of zero period, during which the
system is open due to the fact that the feedback signal
appears with a delay of one period.

For the positioning system, which is made on the
basis of the linear motor LED AT605TU, the transient
characteristics for different values of f = T/o are
calculated. Linear motor parameters: Tp = 5-107° s
Ty = 0.1 s, R, =3 Q, Kz =10.38 V-s/m. Transmission
coefficients of sensors of circuits of positioning system:
KSC =15 V/A, KSS =20 V's/m, KSP =200 V/m.

The parameters of current and speed regulators are
obtained from the condition of setting these circuits to the

TcR KgT
modular optimum: Kpg = ——2, Kg=—EM
4R Ko

2K,.o

To minimize current ripple, in [12], it is shown
Tec > 2 o. In further calculations ¢ =10 s, which
determined the following gains: Kcc = 0.2; Kcs = 43;
Koc =2; Kos = 0.17-107; K, = 0.34.

According to (23) for different values of f transient
characteristics of the positioning system are calculated.
The results are presented in Fig. 4.

For ¢ = 0.25, the steady-state values of the deviation
of the transient characteristic at the switching period
H'".[0.25] are calculated. Their difference with the steady-
state values of the transient characteristic at the time of

(23)

operation of the pulse element determines the maximum
relative values of the pulsations of the stabilized
parameter, i.e. A .= H [0,25]-1

H':ns:ﬂ _\'_‘ )
12—

4
1,0 /\/ o ——— /;&
R —
3

0,8

0,6—

0,4
0,3
0,27

p 1 2 3 a
Fig. 4. Transient characteristics of the positioning system:
curves 1-4 — for §=0.5; 1; 2; 4, curve 5 — the dependence of the
maximum pulsations on § in the steady state — A" .x(5)

The results of the calculation of A".(f) are presented
in Fig. 4 by curve 5. Obviously, a decrease in f leads to a
decrease in ripple, but this reduces the speed of the
transient process and increases the overregulation: curve 1
in Fig. 4.

Excessive increase in S leads to an increase in
ripples, which negatively affects also the nature of the
transient process. From the curves presented in Fig. 4, it is
seen that the compromise between the quality of the
transient process and the value of the ripples corresponds
toff=1+2.

For one such compromise value, f = 1, the
parameters of the links of the optimal position circuit
regulator are calculated: uy = 32.3; uy = -37.9; u, = 72.6;
w=—17;0,=0.5; a, =0.1.

The obtained values of the parameters of the optimal
speed digital position controller allow to realize the
transient characteristic 2 (Fig. 4), for four intervals of
switching of the PWC at relative values of ripples at the
level of 0.04.

Curves 2, 3 in Fig. 4 shows that the transient
processes that correspond to the recommended values
p = 1+2, accompanied by a slight over-regulation, which
can be eliminated by increasing their duration, which is
possible by increasing the degree of the polynomial (16).

Conclusions and prospects for development.

1. The transfer functions of PWC which allow to
estimate ripples of the parameter stabilizing at deep
regulation in transient and constant modes are proposed.

2. For the final range of change of duty cycle in the
process of PWM the regulator of a position circuit is
synthesized and its implementation in the form of the
digital recursive filter which allows to complete transient
process for four periods of switching of the PWC at the
minimum overregulation is proposed.

3.1t is established that the compromise between the
quality indicators of the transient process and the
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minimum of ripples of the stabilized parameter (position)
corresponds to the values = 1+2.

The obtained results of estimating the influence of S
on the nature of the transient process and the value of the
ripples of the positioning system correspond to the
transfer function (1), which is valid for a limited range of
regulation. The transfer function (2) reflects the
equivalent between the depth of the PWM and the
amplitude pulse modulation of the multistage pulse.
Based on it, it is possible to establish the pattern of ripple
changes in the entire PWM range and, taking this into
account, adjust the positioning circuit controller to the
final duration of the process, which requires separate
consideration.

Obtaining of the transfer function of the link with
PWM «in large» taking into account the nonlinearities of
the modulation characteristics of the model is possible. To
do this, it is necessary to use a multidimensional z-
transform and Volterra series to separate the linear and
nonlinear components of the response of the link to the
perturbation.
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ULTIMATE EFFECT OF NON-IDENTITY OF CAPACITIVE ELEMENTS
OF HIGH-VOLTAGE ARM ON FREQUENCY CHARACTERISTICS
OF VOLTAGE DIVIDER (ANALYTICAL RESEARCH)

Purpose. Determination in the analytical form of the maximum limiting influence of the non-identity of the capacitive elements of the
high-voltage arm on the amplitude-frequency characteristic and phase-frequency characteristic of the voltage divider with parallel-
series connection of R-, C-elements of the high-voltage arm. Methodology. Based on the previously developed theory of broadband
voltage dividers with parallel-series connection of R-, C-elements, analytical expressions for amplitude-frequency and phase-
frequency characteristics of the voltage divider are obtained and investigated taking into account the limit case of non-identical
capacitive elements of high-voltage arm. Results. The nature of the dependencies of the frequency characteristics of the broadband
voltage divider on the value of the tolerance of the capacitive elements of the high-voltage arm, the division factor of the voltage
divider in a wide range of frequency changes is determined. Simplified approximating expressions for the maximum values of
frequency characteristics of the voltage divider are proposed and their error is determined. Originality. For the first time in the
analytical form the limiting influence of non-identity of capacitive elements of a high-voltage arm of a voltage divider on its
frequency characteristics is considered. A mathematical model of this influence is constructed and the limit values of frequency
characteristics of the voltage divider are determined. Practical value. It is recommended to introduce into the normative
documentation of broadband voltage dividers the corrected value of the division factor, which allows to significantly reduce the
deviation of the actual value of the division factor of the voltage divider from the normalized value in a wide range of frequency
changes. References 13, tables 2, figures 3.

Key words: voltage divider, frequency characteristics, analytical expressions, tolerance of capacitive elements, parameters
adjustment.

Ha ocnosi paniwe possunymoi meopii wupoKocmyeosux NoOLIbHUKIE HANpYeu 3 NapaneibHO-noCcaiooguum 3 'eonanusim R-, C-
ejleMeHmi6 enepuie 00epHCAH AHANTMUYHI 6UPA3U OIS AMNAIMYOHO-4ACMOMHOT MA ha30-4ACMOMHOL XapaKmepucmuk nooibHUKA
Hanpy2u 3 Ypaxy8amHAM 2SpPAHUYHO20 BUNAOKY HEIOeHMUYHOCMI EMHICHUX eleMeHmi6 GUCOKOGONIbMHO20 niedd. Busnauenuil
3a2anbHULl Xapakmep 3a1edcHocmell YaCmMOmMHUX Xapakmepucmuk 8i0 3HaueHHs 0ONYCKy EMHICHUX eleMeHmie, Koeghiyicnma OinenHs
NOOINbHUKA HANPY2U 6 WUPOKOMY OIlana3oui 3MIHU Yacmomu. 3anponoHo8ani cnpoujeri anpoKcumyiodi aupasu Oas MAKCUMATbHUX
3HAYeHb YACMOMHUX XAPAKMEPUCTUK md BuHa4eHa iX noxubka. Pexomendosano ysedenms 6 HOpMamueHy OOKYMEHMAYilo
WUPOKOCMY208UX NOOITLHUKIE HANpY2l 8I0KOPU208aH020 3HaUeHHs Koeiyiecuma Oinenns. bidmn. 13, Tabm. 2, puc. 3.

Kniouoei cnosa: NogiIbHUK HANPYrdH, YaCTOTHI XAPAKTEPUCTHKH, AHANITHYHI BHPa3H, AONYCK €MHICHHUX €JIE€MEHTIB,
KOPHUI'YBaHHS IapaMeTpiB.

Ha ocnose panee pazeumoii meopuu wiupoKonoioCHuix Oeaumeneii HanpsadceHus ¢ NapauleibHO-NOCIe008AMENbHbIM COCOUHEHUEM
R-, C-anemenmos @nepevie nomyueHvi aHATUMUYECKUE GbIPAJICEHUs. O  AMNIUNMYOHO-YACMOMHOU U  (A30-4acmomHoul
Xapakmepucmux — Oeiumeiss HANPAJNCEHUsI C  YYemoM NpeoelbHO20  CAy4Yas HEUOCHMUYHOCIU —EMKOCMHbIX — 21EeMEHMO8
8bICOKOBObMHO20 Nieua. Onpedenen obwull Xapakmep 3A6UCUMOCHE YACMOMHBIX XAPAKMEPUCTUK OM 3HAYeHUst OONYCKd
EMKOCMHBIX DNIeMEeHMOo8, Kodpuyuenma OejeHuss Oeaumenss HANPSNCeHUs. 8 WUPOKOM OUANA30He U3MEHEeHUsl YAacmombl.
TIpeonooicenvl  ynpoujernvie annpoOKCUMUPYIOWUe Gblpadcerusi Ol MAKCUMANbHBIX 3HAYEHUN YACMOMHbIX XAPAKMEPUCUK U
onpedenenvl ux nocpewnocmu. Pexomendyemcs egedenue 6 HOpMAMUGHYIO OOKYMEHMAYUIO UWUPOKONOLOCHbIX Oeaumeineti
HAnpsIdIcenust OMKOPPEKMUPOBAHHO20 3HAYEHUS KOdPpuyuenma Oenenus. bubn. 13, Tabun. 2, puc. 3.

Kniouesvle cnosa: nejurtelib HaNPsiZKeHWsl, YACTOTHbIE XaPAKTEPUCTHKH, AHAIUTHYECKHE BBIPAKEHUS, JOMYCK €MKOCTHBIX
3J1EMEHTOB, KOPPEKTHPOBKA NapaMeTPOB.

Introduction. Instantaneous voltage values of high-
voltage power systems and their changes over time are
one of the most important arrays of information about the
state and characteristics of such systems (it should be
noted that such an array is constantly changing). Decades
or more ago, electromagnetic voltage transformers were
used (and are still used) to obtain information on high
voltage values (there are even DC «voltage
transformersy). This is due to the fact that the controls of
such systems used relay devices connected to the output
circuits of voltage transformers. The operation of such
relay devices is focused on tracking steady (or close to
them) modes of power systems. The needs of the current
stage of power engineering development require the
transition to the use of voltage dividers of various types
instead of voltage transformers, and here the additional
advantage of voltage dividers is the ability to obtain

information not only for steady but also for instantaneous
transient voltage values (which is important for control
systems improvement). However, the transition to the
widespread use of voltage dividers requires additional
research, including those proposed in this article.

At the National Technical University of Ukraine
«lgor Sikorsky Kyiv Polytechnic Institute» systematic
studies of high-voltage dividers have been conducted
since 1985. The essence of these studies is that for both
AC systems and new DC systems, it is necessary to
record instantaneous voltage values, because, for
example, for AC systems, transient modes of automatic
reconnection, switching and lightning surges, etc. are also
important. For DC systems due to the imperfection of
rectifiers and inverters, as well as filters, the presence of
high voltage ripple (not to mention the importance of
recording transients and overvoltages) will be
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characterized. Therefore, for both AC and DC systems, it
is important to create broadband high-voltage dividers.
And in this sense, high-voltage dividers can be unified for
both AC and DC systems, which will significantly reduce
their cost and increase their availability.

In most cases, the high-voltage arm of broadband
voltage dividers consists of a large number of parallel-
series connections of R-, C- elements, which, in general,
are not the same (identical). Taking into account the non-
identity of R-, C- elements of the high-voltage arm is a
characteristic feature of the above studies.

This article shows the importance of taking into
account the possible non-identity of the capacitive
elements of the high-voltage arm of broadband voltage
dividers, demonstrates its calculated definition, and
provides recommendations for significantly reducing its
negative impact, which is an urgent problem.

Review of publications. In the modern concept of
«digital substation» there is no need to use traditional
relay elements of control systems, as signal processing of
voltage and current channels will take place according to
the scheme «analog value sensor — analog-to-digital
converter — digital information processing system». In
this case, the existing voltage transformers with high cost
of insulating and magnetic materials can be replaced by
high-voltage broadband voltage dividers [1]. In this
regard, recent publications on high-voltage dividers have
paid considerable attention to improving the accuracy of
mathematical models, the stability of their parameters,
taking into account various factors, features of
metrological calibration and standardization of voltage
dividers. Thus, in [2] it is reported to confirm the
change in the division factor of the reference DC voltage
divider in the range of 100-1000 kV in the amount of
2.5:10° (2.5 ppm). In [3] it is stated about the change of
up to 158.4 ppm of the division factor of the voltage
divider «500 kV/2 mA» DC in an environment with
temperature of 35 °C depending on the duration of
operation of the divider in the range of 30-200 minutes.
In [4] it is shown that the DC voltage divider up to
1000 kV must have a bandwidth of at least 10 kHz.
Publications [5, 6] are devoted to the creation of real
designs of broadband voltage dividers, while in [5] the
frequency «response» of the divider according to the
substitution scheme is calculated, and in [6] it is
established experimentally using an inductive voltage
divider. In [7] it is shown that the capacitive
«commercialy voltage divider of 22 kV significantly
changes its characteristics after 18 hours of continuous
operation. In [8] a method of calibration of an industrial
AC voltage divider at the level of 400 kV was developed,
and the components of the method uncertainty have the
following values: on the division factor +0.26 %; on the
phase angle +3.6-10” rad. In [9], the characteristics of the
measuring system of the pulse voltage divider with
parallel-series connection of R-, C- elements of the high-
voltage arm, designed to measure the aperiodic switching
pulse up to 400 kV, are calculated. The considered
substitution circuits of different types of high-voltage
dividers have shielded parallel-series connections of
R-, C- elements of a high-voltage arm, «typed», as a rule,
with identical values of elements.

An additional advantage of high-voltage dividers is
the ability to achieve the unique property of providing a
constant value of their amplitude-frequency response in
the range from zero to megahertz frequencies, which
allows to equally record voltage signals from DC to bursts
of short-term pulses [10]. However, this property of
voltage dividers can be significantly devalued by the
influence of non-identity of real values of Rpy-, Cgy~
elements [10] of their high-voltage arm (deviation of Ry,
Cry from nominal values Ry, Cy).

Since the creation of high-voltage dividers requires a
significant number of R-, C- elements of the high-voltage
arm (from tens to thousands), there is a need to use their
less expensive series, which are usually characterized by
significant tolerance (normalized deviation of Rpy, Cry
from Ry, Cy). The tolerance values for resistors
Agp =(Rpy—Ry)/Ry and for capacitors A-=(Cgy—Cy)/Cy
differ significantly: for resistors 4z has a value of
the order of +0.01 (£1 %), and for capacitors A¢ reaches
+0.2 (£20 %).

It matters how Ryy, Cgy are distributed within the
tolerance:

RN(I_AR)~~RN(1+AR) 5 CN(l_AC)"'CN(1+AC) .

The distribution law of Rzy, Cgy within the tolerance
can be: triangular [11], rectangular, and others (parabolic,
etc.). The influence of non-identity of high-voltage arm
elements on the characteristics of the voltage divider
depends both on the limit values Az, Ac for high-voltage
arm elements and on the distribution law of Rgpy, Cry
within the respective intervals.

Therefore, the goal of the article is to determine in
analytical form the maximum limiting influence of non-
identical capacitive elements of the high-voltage arm on the
amplitude-frequency characteristic (frequency response)
and phase-frequency characteristic of the voltage divider
with parallel-series connection of R-, C- elements.

From consideration of the theory of broadband
voltage dividers [1] it follows that this case corresponds
to the limiting discrete distribution of the elements of
the high-voltage arm, when half of its capacitive elements
has the value: C' = Cy(1-A4c¢), and the other half:
C" = Cy(1+A4¢).

In this formulation, the calculation of the frequency
characteristics of the high-voltage broadband voltage
divider was performed in [12] using separate examples of
frequency response and phase-frequency characteristic
(PFC) at different values of A¢, but the general features of
the frequency characteristics of broadband voltage
dividers were not described.

Research methodology. The substitution circuit of
the high-voltage divider for the case considered in [10] is
presented in Fig. 1.

The influence of non-identity of R-elements of the
high-voltage arm is neglected, because usually Az << Ac.
Below, the index «C» in the notation Ac is omitted,
therefore Ac=A4,and R, =R,=...=R,=R.

According to the general theory of broadband
voltage dividers [1], the expressions 4 for the frequency
response and @ for PFC of the voltage divider in Fig. 1
can be represented as:
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Fig. 1. Substitution circuit of the high-voltage divider voltages
with parallel-series connection of R-, C- elements
of the high-voltage arm

A= |Uout| :LA*

B

UL K
* 1+}/2
! | K-1.Y K-1.Y M
V(HKJ[) +;/2[1+ 5}
@ = arctg (5_f )}/ , 2)
f+ +72(§+ K j
K-1 K-1

where K is the nominal value of the division factor of the
voltage divider (in the general case K>1); A is the
normalized frequency response value; ¥ = @wRC, is the
dimensionless  angular frequency @  parameter;

1& .
Co :—ZC,- is the average value of the C-elements of
i=1
the high-voltage arm, which in the case under
consideration corresponds to Cy = Cy; f, O are the
functions of non-identity of elements; ¢ = o' = —A, and
a= a' = A, which are determined below:

L pe)+ Lo, §=L6(a)+L6(a
f=ED(a)+2D(a ), 5—2G(a)+2G(a ), (3)
where
_ 7’1+ (3+20)

D 9
@ 1+ 7)1+ 1+ a)?]

(4)

Gla) = y2a2<;3—a . 2 ra). )
I+yH+y (+a)’]
Substituting in (3)-(5) values ' = -A, " = A we
obtain:
PR+ (3-20) .\ PPN (1472 (3+20))
A+ 0+ 1=87 (+A)0+72 0+
PPN (B+A+A(1-A)) . PR (3-A+72(1+A)
A+D0+770-8%  A+)0+20+87]
In [1], when deriving (1), (2), the well-known

relations for the parameters of the low-voltage arm were
taken:

26

nR
r= ,
K-1

Even with the accepted simplifications (6), (7), the
analytical study of the dependencies of 4°, ¢ on y, 4, K in
the general case is impossible. Therefore, we will use the
approach of limit values [13], as well as the concept of
continuity of functions A4'(y, 4, K), ¢(y, 4, K), which
follows from their physical content.

Limit values of the function 4°(y, 4, K).

1.1.If 4 = 0, then A" =1 for any values y, K, because
the expressions f, J(6), (7) in this case equal to zero.

1.2. If y = 0, then also A" =1 for any values of 4, K,
which physically corresponds to the generally accepted
practice of calibration of broadband voltage dividers at
high DC voltage.

1.3. Analyzing (1), (6), (7) we come to the
conclusion that we can obtain the boundary expression for
A" in the approximation —0. Indeed, holding in (1), (6),
(7) members of the order of the unit, as well as members
of the order /*<<1, we find

c:ﬂ(K—l).
n

A =151, ®)
7—0 K

Analyzing (8), we conclude that 4” for the values of
y<<1 always increases in the region 4">1 in a parabolic
dependence on y, and in proportion to the square of the
tolerance 4 and the ratio (K—1)/K, i.e., the strongest this
dependence is manifested for high-voltage dividers, for
which K>>1.

1.4. At another threshold o we have:

A (3-A%) A
T E ©
(1-A%) 1-A
and, accordingly:
A" :;2 (10)
y—®© K-1 A
1+ —
K 1-A

It follows from (10) that in this case always 4'<I,
and the deviation of 4" from 1 increases with increasing K
and the value of the tolerance 4 (mainly proportional to
A%, because for the real tolerance range 0<4<0.2
contribution the denominator 1-42 is 1 — 1.0417).

1.5. It is of fundamental importance how 4
approaches its boundary expression (10): «above» or
«below» under the condition y—0. To do this, judging by
(1), it suffices to determine the behavior of Jin the region
y—o. The transformation of expression (7) was
performed by dividing the numerators and denominators
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of its components by y*, and members of the order of
units, 1//# and 1/¢', were obtained. Then, holding the
members of the order of 1 and 1/, the following
expression was obtained:

2 2
5(%J:A_2_A_2X
y—0 7/ 1—A 27/
| 34 +1+(1—A)2+ 3+A  1+(1+A)P
(1-a)

(1—AP  (+af  (1+A)

The expression in square brackets for 0<4<0.2 is
always greater than zero. Therefore, 6 under the condition
y—o0 approaches its limit value A%(1-A?%) from below.
Accordingly, the function 4 (y) approaches its limit value
(10) always from above.

1.6. Given that depending on y there will be a
transition from the values 4™>1 to the values 4°<1, it will
be useful to find out the value 4 at y=1. For this case, the
substitution y=1 in (1), (6), (7) after performing the
reductions gives:

A*() = ’ 2 ! .
o A K-l K-l
4+A* K 2K
Analysis of (12), as well as of (8)-(11), under the

(1)

(12)

4
AT K-1 I—K_l). (13)
4+A* K 2K

For the values of K>>1 and 4=0.2, the addition to
the unit in (13) is 0.0002. That is, all dependencies 4" (y)
for 0<4<0.2 will practically pass through the point
A(D)=1.

1.7. Investigation of A * in the range 0<y<l. From
all previous features, in this range the maximum of the
function should be. To find it, it is necessary to equate to
zero the derivative d4"/dy = 0, and from this condition to
determine the value ., the substitution of which in (1),
(6), (7) will allow to obtain the desired value 4,.x. Due to
the complex dependence of 4* on the input values, which
practically makes it impossible to perform these
operations in analytical form, the computer code is used

to find A:;ax (7/max)'

The SMath Studio computer code derived the
functional dependence of 4™ on y, after which, using the
mathematical modules of this code, we found the value
Ymax for the extremum point and the extremum value

A:;lax of this function for different 4 and K (by iterative

calculation in the program cycle).
Table 1 shows the obtained results of calculations of

A*() =1+

condition A=0 confirms the value 4"=1. Since in the field
0<4<0.2 and then

of practical

interest there is
AY/(4+4%<<1, expression (12) can be represented as

max >

Ymax for values 4=0.01; 0.02; ... 0.19; 0.20 and
values K =10; 100; 1000; 10000.

Table 1
Results of calculations of values A;ax (p-u.), Ymax (p-u.)
Value =10 K=100 K=1000 K=10000
Apu | Yoa Ao Vmax A Vmax A Ymax A
0,01 | 0,577361 | 1,0000112502 | 0,577360 | 1,0000123752 | 0,577360 | 1,0000124877 | 0,577360 | 1,0000124990
0,02 | 0,577393 | 1,0000450035 | 0,577389 | 1,0000495037 | 0,577389 | 1,0000499537 | 0,577389 | 1,0000499988
0,03 | 0,577446 | 1,0001012677 | 0,577438 | 1,0001113939 | 0,577437 | 1,000112406 | 0,577437 | 1,0001125077
0,04 | 0,577520 | 1,0001800558 | 0,577506 | 1,0001980596 | 0,577504 | 1,0001998600 | 0,577504 | 1,0002000400
0,05 | 0,577615 | 1,0002813863 | 0,577593 | 1,0003095206 | 0,577591 | 1,0003123340 | 0,577591 | 1,0003126153
0,06 | 0,577732 | 1,0004052827 | 0,577700 | 1,0004458019 | 0,577697 | 1,0004498538 | 0,577697 | 1,0004502590
0,07 | 0,577870 | 1,0005517740 | 0,577827 | 1,0006069345 | 0,577823 | 1,0006124504 | 0,577822 | 1,0006130020
0,08 | 0,578029 | 1,0007208942 | 0,577973 | 1,0007929549 | 0,577968 | 1,0008001606 | 0,577967 | 1,0008008812
0,09 | 0,578210 | 1,0009126829 | 0,578139 | 1,0010039051 | 0,578132 | 1,0010130268 | 0,578131 | 1,0010139390
0,1 0,578412 | 1,0011271850 | 0,578325 | 1,001239833 | 0,578316 | 1,0012510971 | 0,578315 | 1,0012522235
0,11 | 0,578636 | 1,0013644507 | 0,578530 | 1,0015007923 | 0,578519 | 1,0015144254 | 0,578518 | 1,0015157887
0,12 | 0,578881 | 1,0016245356 | 0,578755 | 1,0017868422 | 0,578742 | 1,0018030714 | 0,578741 | 1,0018046943
0,13 | 0,579148 | 1,0019075010 | 0,579000 | 1,0020980480 | 0,578985 | 1,0021171007 | 0,578984 | 1,0021190059
0,14 | 0,579437 | 1,0022134135 | 0,579265 | 1,0024344807 | 0,579247 | 1,002456585 | 0,579246 | 1,0024587951
0,15 | 0,579748 | 1,0025423452 | 0,579550 | 1,0027962172 | 0,579530 | 1,0028216008 | 0,579528 | 1,0028241391
0,16 | 0,580081 | 1,0028943741 | 0,579855 1,00318334 0,579832 | 1,0032122322 | 0,579830 | 1,0032151214
0,17 | 0,580436 | 1,0032695835 | 0,580180 | 1,0035959389 | 0,580154 | 1,0036285684 | 0,580152 | 1,0036318313
0,18 | 0,580813 | 1,0036680628 | 0,580525 | 1,0040341078 | 0,580497 | 1,0040707048 | 0,580494 | 1,0040743644
0,19 | 0,581213 | 1,0040899069 | 0,580891 | 1,0044979482 | 0,580859 | 1,0045387429 | 0,580856 | 1,0045428223
0,2 | 0,581635 | 1,0045352169 | 0,581278 | 1,0049875672 | 0,581242 | 1,0050327906 | 0,581239 | 1,0050373128
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Data processing from Table 1 allows to propose a
simplified expression for A;ax in the form:

K-1

* 2
Amax = 1+O,12557A .

(14)

The error is only the term of the right part (14) in
relation to the corresponding data in Table 1 does not
exceed £0.4 % in absolute value, which can be considered
quite acceptable.

Figure 2 shows graphs of dependencies A'()
calculated by (1), (6), (7) for values of parameters:
4=0.05; 0.2; K=10; 10*, which explain the results
obtained. To track the complete change of the curves
A"(»), the range of change in y (on the abscissa axis)
is presented on a logarithmic scale (from y = 0.001 to
y=1000).
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Fig. 2. Calculated dependencies 4°(7) by (1), (6), (7) for parameter values: 4 = 0.05; 4 = 0.2; K = 10; K = 10*

Limit values of the function ¢(y, 4, K). Both for
the value y—0 and for y—oo, the function ¢ has a limit
value p—0, which physically corresponds to the idealized
ohmic (in the first case) and idealized capacitive (in the
second case) voltage divider.

The expansion of the function ¢ (2) by the powers of
the small parameter y under the condition y—0 determines
the expression

(15)

y—0
and the value ¢ in (15) is obtained in radians.
At another limit value y—oo, the expansion of ¢ (2)
by the powers of the small parameter 1/y gives the
expression

K-1 A
@ (7)2—27'—‘P(Aa1<)s
y—>0 Y

where the correction function is of the order of unit
-1
2
Y={1- QA_ _k-2 N
K K

Maximum value ¥ at A=0.2; K=10 is 1.009367,
hence for the terms of consideration 1<¥<1.009367.

Similarly to item 1.7, the values @'y, (2), in angular
minutes, and the corresponding values ' (p.u.) were
found using the SMath Studio computer code for the
parameters A=0.01; 0.02; ... 0.19; 0.2 and values K=10;
100; 1000; 10000, presented in Table 2.

(16)

Table 2
Results of calculations of values ¢'y;, (angular minutes), y" (p.u.)

Value K=10 K=100 K =1000 K =10000

4,p.u. Y @ min Y @' min 4 @ 'min y' @ 'min
0,01 1,73214 —0,200968 1,73213 —0,221064 1,73213 —-0,223073 1,73213 —0,223274
0,02 1,73243 -0,80397 1,7324 —0,884355 1,73239 —0,892394 1,73239 —-0,893197
0,03 1,7329 -1,80931 1,73283 -1,99018 1,73283 —2,00826 1,73283 -2,01007
0,04 1,73357 -3,21747 1,73345 -3,53903 1,73343 -3,57118 1,73343 -3,5744
0,05 1,73443 —-5,02917 1,73424 —-5,53162 1,73422 —-5,58186 1,73422 -5,58689
0,06 1,73549 —7,2453 1,7352 —7,96886 1,73518 —-8,04121 1,73517 —-8,04844
0,07 1,73673 -9,86697 1,73635 -10,8519 1,73631 -10,9503 1,73631 -10,9602
0,08 1,73817 —-12,8955 1,73767 14,1819 1,73762 -14,3106 1,73762 —14,3234
0,09 1,73981 -16,3323 1,73918 —-17,9606 1,73911 —-18,1234 1,73911 —-18,1397
0,1 1,74165 -20,1793 1,74086 —22,1897 1,74078 —22,3906 1,74077 -22,4107
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Table 2 (continued)

Value K=10 K=100 K=1000 K =10000

4,p.u. Y @'min Y @'min ' @ min Y @'min
0,11 1,74368 —24,4383 1,74273 -26,871 1,74263 -27,1142 1,74262 -27,1385
0,12 1,74592 | 29,1114 174478 | 32,0069 174467 | 32,2962 1,74466 | 32,3252
0,13 1,74836 -34,2011 1,74702 -37,5995 1,74689 -37,9392 1,74687 -37,9731
0,14 1,751 39,71 174945 | 43,6517 1749290 | 44,0456 1,74928 44,085
0,15 1,75386 —45,6408 1,75207 -50,1662 1,75189 -50,6183 1,75187 —50,6636
0,16 1,75692 —51,9966 1,75488 -57,1461 1,75468 —57,6605 1,75466 -57,712
0,17 1,7602 —58,7808 1,75789 —64,5947 1,75766 —65,1754 1,75764 —65,2335
0,18 1,76369 —65,9969 1,7611 —72,5155 1,76084 —73,1666 1,76081 -73,2317
0,19 1,76741 —73,6486 1,76451 -80,9124 1,76422 -81,6378 1,76419 -81,7103
0,2 1,77135 -81,74 1,76812 —89,7895 1,7678 -90,5932 1,76777 -90,6735

Data processing from Table 2 allows to propose a
simplified expression for @'y, in the form:

K-1

—2252——A 17
Fa (17

The error (17) in relation to the corresponding data
from Table 2 does not exceed +0.85 % in absolute value,
which can be considered acceptable.

(pmm -

Figure 3 shows the graphs of the dependencies ¢'(y),
calculated by (2), (6), (7) for the values of the parameters:
4=0.05; 0.20; K=10; 10*, explaining the results obtained.
To track the complete change of the curves ¢'(y) the range
of change in y (on the abscissa axis) is presented on a
logarithmic scale (from y=0.001 to y=1000).
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Fig. 3. Calculated dependencies ¢' (angular minutes) on y (p.u.) by 2), (6), (7)
for parameter values: A =0,05; A=0,2; K =10; K = 10*

Discussion of the results obtained. For the first
time in general form, the general features of the frequency
characteristics of high-voltage broadband voltage dividers
with parallel-series connection of R-, C- elements of the
high-voltage arm, taking into account the non-identity of
its capacitive components are discussed.

For the first time, the limiting influence of the non-
identity of the capacitive elements of the high-voltage arm
on the frequency response and PFC of the voltage divider
was quantified and its essential importance was shown.

For the first time, simplified and, at the same time,
sufficiently accurate expressions for the limit values of
their frequency characteristics are proposed for the range
of division factors of broadband voltage dividers K>10.
For the range of division factors of voltage dividers
1 <K<10 it is necessary to conduct additional research.

To reduce the deviations of the frequency response
(from the normalized value) of the broadband voltage
divider depending on the frequency, it may be
recommended to use its adjusted value

* 1
Aoy = 2(Amax + 4"

CO
y—>®©

jand the corresponding adjusted

value of the division factor of the voltage divider
K. =K / Awr , which can be entered in its passport.

To reduce the deviations of the PFC (from the
normalized value) of the voltage divider depending on the
frequency, it is recommended to use its adjusted value
@ cor = 0.5-@ in, Which can be entered in the passport of
the voltage divider for the range y>0.

Comparison of the obtained results with the data of
publications [2-9] shows that the influence of non-identity
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of capacitive elements of high-voltage arm of voltage
dividers on their characteristics is significant along with
other influencing factors and, therefore, should be taken
into account in theory and practice of voltage dividers.

Conclusions.

For the first time in the analytical form the frequency
characteristics of a broadband voltage divider are studied
taking into account the ultimate influence of non-identity of
capacitive elements of its high-voltage arm, which allows
to clearly predict the limits of change of amplitude-
frequency and phase-frequency characteristics of a voltage
divider depending on the tolerance of its constituent
elements.

To reduce deviations from the normalized values of
the amplitude-frequency and phase-frequency
characteristics of the broadband voltage divider
depending on the frequency, it is recommended to use
their adjusted values, which can be added in the passport
and regulatory documentation of the voltage divider.

The obtained results allow to orient the predicted
value of the tolerance of capacitive elements of the high-
voltage arm when choosing broadband high-voltage
voltage dividers, as well as during their development and
manufacture.

Prospects for further development in this direction
are associated with the use of different laws of
distribution of actual values Ryy, Cyy within their
tolerances, including asymmetric types of distributions.

Conflict of interest. The authors of the article
declare no conflict of interest.
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A. Boussaid, S.E.I. Chelli, A.L. Nemmour, A. Khezzar

AN EFFECTIVE CONTROL ALGORITHM FOR DYNAMIC VOLTAGE RESTORER
UNDER SYMMETRICAL AND ASYMMETRICAL GRID VOLTAGE CONDITIONS

Introduction. Voltage sag, which is associated to a transitory drop in the root mean square voltage characterizing an electrical
source network. During these perturbations, the corresponding electronic customers and devices will suffer from serious operating
troubles causing dangerous damages. Purpose. In order to attenuate this disturbance effects, the Controlled Dynamic Voltage
Restorer constitutes a very interesting solution among many others that have been proposed. The novelty of the proposed work
consists in presenting an enhanced algorithm to control efficiently the dynamic voltage restorer when voltage sag is suddenly
occurred. Methods. The proposed algorithm is based on an instantaneous phase locked loop using a multi variable filter to
synthesize unitary signals involved in compensation voltages computation relative to the sag apparition. Practical value. A detailed
study concerning typical voltage sag, which is consolidated by simulation and experimental results, is conducted to show the used
algorithm’s effectiveness to cancel the corresponding voltage sag. References 44, table 1, figures 16.

Key words: dynamic voltage restorer, power quality, voltage sag, phase locked loop, synchronous reference frame.

Bcemyn. I[Iposan nanpyeu, sikuii no8 a3anuil i3 mumyaco8um RAOIHHAM CepeOHbOK8aOpamuyHoi Hanpyeu, Xapakmepusye Mepericy
Ooicepen enekmpuunoi enepeii. 11io uac yux 30ypens GiONO0GIOHI CnOJNCUBAYI (eleKMPOHHI Npunadu ma iHwii npucmpoi) 6yoymo
cmpasicoamu 6i0 ceplio3Hux npobaem y ixuiti excniayamayii, wo cnpuyuHsioms Hebesneuni nowikoodxcents. Ilpusnauennsn. /[ns
mozo, wob nocradumu 6niue yux 30ypenv, KOHMpPOIbOSAHUL OUHAMINHUL GIOHOGHUK HANPY2U 6UOAEMbCA OYdice YIKABUM DIUEHHAM
ceped bazamvox inwwux, aki 6yau 3anpononosani. Hoeusna sanpononosanoi pobomu nonscae y npedcmagnenti 600CKOHANEHO20
aneopummy egexmueno20 yYnpasninia OUHAMIYHUM GiIOHOGHUKOM HANpy2u, KOU panmogo 8iobyeacmucsa npoean nanpyau. Memoou.
3anpononosanuii arcopumm 6a3yemvbcsa HA MUMMEBOMY (A3080MY 3AMKHEHOMY KOHMYPI 3 GUKOPUCMAHHAM 0a2amosapianmnozo
@inempa Ona cunmesy yHiMapHux cucHanie, wjo bepyme yyacme y 00YUCIeHHI HANpy2u KOMHeHcayii cmoCOBHO NpPosA8y Nposeaiuy.
Ilpakmuune 3nauenns. [lemanvhe OOCNIONCEHHSI CMOCOBHO MUNOBO2O NPOBALY HANPY2U, SIKE V3A2ANbHEHO 3d OO0NOMOZ0I0
MOOenIo8aANH s MAd eKCNePUMEeHMANbHUX pe3yIbmamis, nposedeHo, wob noKasamu egekmusHicmes UKOPUCHIOBYBAHO20 ANCOPUMMY
o aikeidayii 8i0nosiono2o nposany Hanpyeu. bion. 44, tabn. 1, puc. 16.

Kniouogi cnosa: nTMHAMiYHMIA BiTHOBHMK HANpPYry, SKiCTh eJIeKTpOeHeprii, NpoBaa Hanpyru, (pa3oBuii 3aMKHeHUi KOHTYP,

CHHXPOHHA cHCTeMa BiTIKY.

1. Introduction. Power distribution system is an
irreplaceable thing. Indeed, it should provide energy for
costumers in an ideal sinusoidal form. For that, the
number of connected equipments to the power network
still increasing but that fact imposes critical problems to
the network [1-3]. Poor power quality outcomes in
financial losses which has a major harmful impact on the
economical industry sector.

The voltage quality issues is more important in
comparison to sensitive loads which requires to be
supplied cautiously, regarding to the previous mentioned
problem, it consist mainly in voltage sags and swells,
voltage harmonics, current harmonics, fluctuations
(flickers), frequency variation and unbalance [4-7].

Voltage sag has been widely studied in a
considerable research papers, which is defined as
temporary decrease in the root mean square voltage
between 10 to 90 % of nominal voltage, for a duration
interval of 0.5 cycles to one minute as it’s presented in
IEEE 1346, IEEE 1159 and IEC 61000-2-1
standers [8, 9]. By way of explanation it is characterized
by a sudden reduction of nominal voltage from 0.1 to 0.9
per unit followed after a short period of time by a voltage
recovery. According to the mentioned standards, normal
voltage sag takes from 10 ms to 1 minute.

Voltage sags caused mainly by large induction
motors starting or by different faults related to power
system. Consequentially, sensitive loads and a significant
number of electronic devices could be malfunctioned
or completely deteriorated as a result for voltage sag
occurrence. Hence, huge losses at costumer loads are
take place.

Voltage swell is defined in the previous mentioned
IEEE standard as an increase in the root mean square
(RMS) supply voltage from 1.1 to 1.8 per unit for
duration from 0.5 cycles to 1 min. Voltage swell are
mainly due to large capacitors switching or connecting /
disconnecting of heavy loads. Voltage swells are less
widespread in distribution network, for that reason, they
are not as important as voltage sags [10—14].

The above mentioned issues related to power quality
has opened up a discussion on possible solutions to
overcome these problems. Researchers have proposed a
large number of custom power devices (CPDs). The most
effective one is to use compensators based on power
electronic devices.

These compensators could be in series, shunt or
hybrid form. Literature is rich by numerous classifications
of CPD [15], Based upon its structure, various custom
power devices are usually classified into three categories:
unified power quality conditioners (UPQC), distribution
static compensator (D-STATCOM) and dynamic voltage
restorer (DVR).

Using series or shunt power filters in separate may
not be the wanted preferred solution. For this reason, the
device named UPQC [16, 17] performing both
functionalities of series and shunt active filter is
introduced and its concept is developed [18, 19].

The D-STATCOM is another choice for solving
voltage unbalance, and power quality enhancement. It
maintains the voltage sag at the desired reference by
supplying or receiving the reactive power in the distribution
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network. This compensator has been deployed in a three-
phase four-wire distribution system [20].

Another alternative based on series custom power
compensation could ensure a high quality voltage purpose
[12, 13]. DVR is composed of a dc-energy storage
system, a voltage source converter, an output filter and a
coupling transformer.

The performance of the abovementioned CPDs is
related mainly to the control algorithm of each device.
Indeed, researchers pay a great attention to the algorithm
strategies.  Instantaneous Symmetrical Components
Theory (ISCT) generates reference waveforms to balance
a given load [21, 22]. Instantaneous Power Theory is
introduced to compensate voltage faults in a dynamic way
in the time domain based on PQR transformation [23].
Adaline (Adaptive linear element) control strategy is an
Artificial Neural Network (ANN) that is used to control a
capacitor supported DVR for power quality enhancement
[24]. Space Vector PWM Strategy is presented in [25] to
control a modified DVR composed of a conventional
three phase voltage source inverter and an emitter
follower. Synchronous Reference Frame Theory [26] is
one of the most used algorithms to generate reference
signals; its operating principle is based mainly on
converting the load voltages to the rotating reference
frame using the Park’s transformation with unit vectors
derived by a phase locked loop (PLL).

Detecting the grid phase angle and frequency in a
fast and accurate way is the key of a good synchronization
process. Several synchronization methods have been
proposed in literature; the method based on detecting the
zero crossing point of the grid voltages is characterized by
a large synchronization time. In addition, it fails in
detecting that point in case of grid frequency variation
and unbalanced voltages.

The algorithm based on af stationary reference
frame conversion [27] is another alternative to detect the
grid phase angle and frequency. The algorithm
performances are related mainly to the intrinsic filter
parameters that affect the algorithm dynamic response
under asymmetrical grid faults conditions.

In three phase application, the phase locked loop
(PLL) is the most used strategy where the synchronous
reference frame (SRF) based PLL constitutes the common
configuration [28-30]. It based on transforming the three
phase voltages from abc frame to synchronous rotating
reference frame using Park’s transformation in order to
identify the grid angle and frequency quantities.

Synchronous Reference Frame is known as a feed
forward open loop control strategy. It is characterized by its
simplicity and stability. Their main inconvenient is
expressed in poor transient response and possibility offset
error at the steady state because of voltage drop on the
injection transformer and the series branch of the filter. To
overcome these problems, feedback controllers are used.
Feedback control process consists of measuring the DVR
output voltages and fed back to the controller voltages. A
variety of controllers have been presented in literature such
as proportional, Proportional-Integral (PI), Proportional-

resonant (PR) [31, 32], fuzzy controller [33, 34], Hy

controller [35], sliding mode controller [36-38], state
variable controller [39], predictive and repetitive
controllers [40-42], feedback linearization [43].

The goal of the paper is the investigation of an
effective phase locked loop to generate unitary signals
that contain the fundamental voltage phase angle
information used in calculating compensating voltage in
case of a voltage sag occurrence.

Subject of investigations. The introduced PLL is
compared to the conventional one in simulation and
experiment. After that, controlling the DVR by the
proposed algorithm is accomplished to show the
effectiveness of the algorithm.

This paper is structured as follows: Section 2
describes the Dynamic Voltage Restorer Configuration
topology with its operating principle with respect to
sudden voltage sags occurring. Section 3 presents the
control algorithm explaining both conventional phase
locked loop topology and the proposed one. Section 4
discusses the obtained results through simulation and
experimentation studies. Finally, a conclusion relative to
the obtainable work is presented.

2. DVR Configuration Topology. A dynamic
voltage restorer is generally connected in series with the
protected load through a transformer. A DVR generates
voltage references to be added to those of the grid in order
to compensate the voltage disturbance at the load side.
The schematic configuration of a typical DVR is
presented in Fig. 1, which contains the following
elements:

coupling fransformer

sensitive

Lo load

Fig. 1. DVR Schematic Topology

1) Energy storage device: commonly called DC bus
side, it allows the voltage source inverter to provide the
power grid by the reference generated voltages via the
transformer. It could be batteries, capacities or even
photovoltaic panels.

2) Voltage Source Inverter (VSI): a voltage source
inverter is a power electronic configuration fed by the
previously mentioned energy storage device to regenerate
the desired sinusoidal voltage references. Recently, the
switching configuration of the Voltage Source Inverter is
based on IGBT. Nevertheless, peaks due to the switching
process are eliminated by passive elements such as
resistance R, inductance L, and a capacitance C at the
VSI output.

3) Injection transformer: the main purpose of this
transformer is to inject the generated voltage references to
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the power grid which is connected by its high voltage
side, whereas, the low voltage side is connected to the
DVR power circuit.

4) Control strategy: control algorithm is considered
as DVR heart. definitely, it detect the voltage disturbance
and generate a voltage reference in phase to those of the
grid and control the Voltage Source Inverter by generated
voltage in feedback control in order to compensate the
occurred voltage disturbance.

DVR could be expressed in an equivalent circuit
(Fig. 2). It consists of a source voltage V delivering a
current /;, the source reactance is defined by X;. The
considered source is feeding two identical loads Z, and Zp
passing through a feeder for each load F, and Fj, each
feeder has a reactance x, and xp respectively.

A XA FA ZA
vPCQ
Vs | Xs fault =
sag
B FB 7B

Fig. 2. Equivalent circuit for voltage sag calculation

From the equivalent circuit and basing on
Kirchhoff’s Law, voltage V.., and current /; in case of
healthy power grid at the point of common coupling are
given by:

Vpre—sag =V, -1 Xy, (1)
I,=1,+1g= Vpre—sag + Vpre—sag )
s ZA + X4 ZB + Xp

The current through Z4 and Zp is the same because
of the identical impedances in healthy conditions. At the
occurrence fault time on the first feeder, a high circuit
current will flow to the broken feeder, on the other side,
the current of the second feeder will be reduced.
Therefore, the voltage of the second feeder will be
decreased as well. This voltage drops is defined as voltage
sag. At that point, the source current /g, and voltage sag

Vsag are defined as:

Vsag =V - Isfaulth ) 3)
Vsag Vsag
Isﬁmlt = L E— “4)

X 4 Z B TXp .

Thus, DVR must be inserted between the point of
common coupling and the sensitive load where the
voltage sag takes place. Figure 3 illustrates the DVR
placement process.

Most of disturbances in power grid are related to
voltage sag and swell. Decreasing and increasing of
voltage amplitude at the load side are accompanied by a
phase angle jump, for that, control strategies must be
adopted to compensate this issue in a very fast way in
order to avoid losses of power supply. Figure 4 shows the
phasor diagram for a DVR compensation in both voltage
sag and voltage swell.

VPC(QH

Vs Xs fault

XB FB ZB

1B | |
|
I pvr |
_ Sag occurrencd generated | restored

voltage | voltage =

Fig. 3. Equivalent circuit for DVR voltage injection calculation

Fig. 4. Phasor diagram for:
(a) voltage sag compensation; (b) voltage swell compensation

3. DVR Control Strategy. The DVR compensates
voltage sags by injecting or absorbing reactive power or
real power [44]. Reactive power is injected when the
DVR voltages are in quadrature with the currents with
respect to fundamental frequency, at that point, DVR
relay on a self supported dc bus. Nevertheless, active
power is injected when the DVR voltages are in phase
with the current, thereupon, the need of a battery at the
DC bus is necessary.

The voltages references are used to generate the
IGBTs gate pulses for the voltage source inverter in a
synchronous  reference  frame.  The  schematic
corresponding to the SRF theory is shown in Fig. 5.

Firstly, source and load voltages are sensed and
transformed to a stationary references frame using
Concordia transformation as follow:

+1
Vg = ZVsah sin(awt + @y, );
h=-1

+1 -
. 27
Ve = O, Vg sin(at + gy, _T); (5)
h=—1

+1
. 2z
Vse = z Ven SIn(@t + Py +T);
h=-1

+1
Via = z Vian St + Prap );
h=-1
+1 207
vy = D Vien Sin(@t + drp —5); (6)
h=—1
+1 0
Vie = Z Vien sin(@t + @y, +T)a
h=—1
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Vsa VDVRd
—— @—‘@ regulator —@—*
Vsb abc x 'y vy
—t o> dq
v dq VDVRq
se B = regulator @—’
- + +
-~ 3 b
PLL ———— - ——— === ==— ———a' abc
I
|
) !
via * 1
RS [ @ €‘_ (* (‘
VLb abc | s 212|¢
R : g | &8 2
Vic dq 1
—_— 1 Wk
10 : VDVRa .
Vsa
b — VDVRb IGBT: —>
abc f
V*abe —— Via Vsb VDVRe| gate —
dq VLib Ver i pulses —>
-
Vie —»

Fig. 5. Block diagram of the SRF control method

where: Vi, Vgn and Vi, are the voltages source
amplitudes; Vi, Vi and Vi, are the voltages load
amplitudes; ¢, dpn and ¢, are the voltages source
phase angles; @;., @1, and ¢@;., are the voltages load
phase angles; w is the voltage fundamental pulsation.

1] —— —— _V
Vsa — g 2 2 vsa . (7)
vsﬁ 3 0 \/g \/g sb P
S T e
1 -
1 — — |7
Via — E 2 2 v ‘ (8)
vy 3 \/g \/g Lby
B 0o X2 X0,
2 2 |t Lc

Since the voltages are converted to a stationary
reference frame, the unit vector derived through a phase
locked loop is taking in account to transform these
voltages to a synchronous reference frame using Park
transformation:

{vsd} _ E[ cos@ sin 9}{\%0{} o)
Vsq 3|—sin@ cosf | vsp
|:VLd:| _ E[ cosfd sin 0}{1@@} (10)
Vig 3|—sin@ cosf | vip

Figure 6 shows the phasor diagram of synchronous
transformation. The af coordinates are orthogonal axes
obtained from the abc frame. The dg synchronous frame
is obtained by rotating the the o coordinates.

The reference load voltages (v*La, v*Lb, v*LC) are
transformed to a synchronous reference frame as well in
the same way. In the meantime, the DVR voltage along
dgq frame could be expressed by:

{VD VR; =Vsd ~VLd>

VDVR, =Vsq ~Vig-

(11)

Fig. 6. Phasor diagram exhibits the relation
between abc frame (a) and dg frame (b)

Consequently, the DVR reference voltages are
obtained by:

(12)

* *
V' DVR; =V sd —VL4;
V*DVRq = v*sq ~Vig-
A controller is used to minimize the error between
actual DVR voltages and the generated reference voltage.
Lastly, DVR reference voltages are obtained in abc

reference frame by applying the Concordia inverse
transformation and Park inverse transformation as follow:

v DIR, _\/5 cos@ —sind | v pyra |
V*DVRﬂ 3| siné cosd V*DVRq ’

Vv'DIR, 1 Q
. Rl 1 3
R e

(13)

_V*DVRa :| (14)

i 2 2 |y
V' DIR, 1 NE) LY DYRP
2 2

The three phase voltages system. The balanced
three phase voltages system which takes into account any
type of distortion can expressed by:
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+00
Vg = z v, sin(hot + ¢y,);
h=—w
+00

. 2
v = OV sm(ha)t+¢h—7”);

h=—0

+00
Ve = Z Vi, sin(hot + ¢, +2T”).

h=—c0

(15)

The three phase distorted currents form could be
represented as follow:

+00

gy = Zlh sin(hot + @y);
h=—x
+00 20T

i = Z Iy sin(hot + @y, _T); (16)

h=—c0
. = . 2
lge = Z ]h sm(ha)t+(0h +T),

h=—o0

where: /1 denotes the order of the inverse, homopolar and
direct harmonic components in the voltage or current
systems; V;, I, ¢, and ¢, are the amplitudes and phase
angles of the harmonic components of the voltage and
current systems respectively; @ = 27f; is the fundamental
pulsation of the voltage or current systems.

Phase Locked Loop. Conventional Phase Locked
Loop. A PLL principal is based mainly on Park
transformation, beyond that, if the instantaneous
derivative angle involved in Park transformation is equal
to the three phase voltage pulsation system, the
components along dg axes will be constant.

The block diagram of a typical PLL is shown in Fig. 7,
it contain a phase detector (PD) in order to perform a
comparison between the input signal and the arrived one
from the Voltage Controlled Oscillator (VCO). Low-pass
filter (LPF) is used to correct the error at the PD-output.

Input Output
»

VCO »

PD >

[

Fig. 7. Typical phase locked loop block diagram

LPF >

The PLL consider the utility voltages expressed by
Eq. (5), then, it goes to a synchronous frame passing by
stationary frame using Eq. (7) and Eq. (9). After all
calculation, the obtained equation is given by:

{vd =V sin(0 - 0,,e5);

1
vy =V c08(0 = 0pe). {17

From Eq. (17) one can notice that, if the phase angle
error 0z = 0 — Ojes 1s small, than this equation becomes:
Vg =V5(0=0pe5). (18)

At the moment 6 = 0,,.5, the PLL is locked, on the
other hand, if 6 # Oy,, the phase error is governed by a
controller adjusting w until 8 = 0;,¢s.

To accomplish the above explained phase lock, we
consider the following block diagram of the locked loop
as shown in Fig. 8.

* V*d N 0
v*d ® ®
regulator 1/S }-0—»

®o

Vsa
abc > =
Vsb ap
—
Vq
Vsc OtB
! dqg (—

[

Fig. 8. Three phase PLL structure diagram

Proposed-Phase Locked Loop. The main purpose
of any PLL configuration is to generate a unite vector
containing the utility phase angle in order to pass to a
synchronous reference frame. The proposed configuration
is based on a Multi Variable Filter (MVF) to generate a
sin and cos unite vectors directly that contain the utility
phase angle information.

The transfer function of the MVF is based on ‘Hong-
Seok-Song’ work. Its formulation is expressed by the
following equation

k(s+k) ko,

X (5) =mxa(s)— 1 ol xp(s);
(19)

Fo(s) = RETR) e KO g

’ (s+k)2+a)c2 p (s+k)2+a)c2 “r

where x,, xg are the input signals and X, X 5 are the

fundamental output signals.

From its formulation, the MVF filter is similar to a
band-pass filter in the output response. Conversely, the
integral effect of the MVF is neglected because it does not
introduce a phase shift to the output signal regarding to its
input. By way of explanation, both input and outputs
MVEF’s signals have the same phase angle.

The developed analytical formulation of Eq. (19),
could be given by:

sin| hat + @y, + atan| d=ho
~ 3 & I, k
Xg =4=

2 h=—o0 - (%)2 _ e,kt siﬂ(hwf +op + ata{%]} (20)

co{ha}tJrgoh +atan(w]]
~ _ I3 *Z‘” 1, k
X[; =- 5

h=—e» 1+[M)2 —ek cos[ha)t +o, +atan[wn
k k

Eq. (20) shows that the MVF effectiveness in
cancelation any kind of disturbance is related principally
to the constant k. Indeed, it is obvious if k is taken small,
the disturbances will be attenuated perfectly. Otherwise,
the transient time response will increase in parallel which
is explained by the exponential part. In this case, taking k&
so small, Eq. (20) takes the following form:

~ 3 —kt ..
Xy = \/;(1 —e M )sm(a)t +o);
Xp = —\/g(l —eH )cos(a)t +op)

The concept is to hold back the voltage disturbance
as possible in order to get a correct phase angle
information which lead to a correct DVR control. A unit
vector is obtained instantaneously without any phase

@1
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shift by taking &k so small, the negative aspect of large
time response is defeated. The unit vector is defined

by Eq. (22):
T (1)

= sin(a)t +¢ );
X +%j
¥ (t) (22)
S/ AL cos(at + ¢, ).
¥ +%j

4. Performances of the proposed PLL. To examine
the proposed PLL performances, several tests have been
accomplished. In the first case, a balanced three phase
source voltages are considered as presented in Fig. 9.

From Fig. 9,a.1 and Fig. 9,b.1 one can notice that,
the classical and proposed PLL have similar behavior
where they produce suitable unit vectors, it is obvious
from the presented phase angles as shown in Fig. 9,a.2
and Fig. 9,b.2.

400 T T

N

o

o
T

Source voltages
—
—
—

Ny
o
S
=

408,00 0 E)S 0 l10 0,15
time (s)
1,5 T T 2 T
R T T B G ity
Sool (INENAR &0 [\ N
%*wwu EAVAVANAY
2 2
gostl WY 8L
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(a1) (a.2)
1,5 r T 2
P O e
T A
ool [/ /\H sot\ |\ [\ |\
Ex (0]
Sasfll 1111 3 \
S oW W WW g
'1’8,00 0,2)5 0,l10 0,15 'g,oo 0,2)2 0,04
(b.1) (b.2)

Fig. 9. Simulation results, Case 1: Balanced source voltages

The second case of study takes unbalanced three
phase voltages without harmonics expressed in a total
mitigation of voltage phase as shown in Fig. 10.

In this case, the classical PLL fails in extracting the
sin and cosine signals from the unbalanced source
voltages as presented in Fig. 10,a.1, this fact leads to a
phase angle shifting from its reference as illustrated in
Fig. 10,a.2.

On the other hand, the proposed PLL still give pure
unit vectors in Fig. 10,b.1, with a soft phase angle shifting

fromz=0sto t=0.01 s, which is totally acceptable under
these sever unbalance conditions as shown in Fig. 10,b.2.

gl A AR A
a T v.
§.zoo-vyvvvvv -
'408,00 0,65 e 0,110 0,15
I AN - ii:;if;ﬁ.em

R0 I T

?WWHH-?&RWW
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R T e

£ (L1 - NN LN
°’/ \!H s :
AN, S\

(b.1) (b.2)

Fig. 10. Simulation results, Case 2: Unbalanced source voltages

The three phase source voltages are considered
balanced and distorted by injecting the third and the fifth
harmonics in the main voltages defined by the following
equations:

vy =V sin(et + @, )+ V3 sin(3at + g 3)+
+V,5 sin(Sa)t + 0,5 );

vy =Vp1 Sif{a’f + 1 —27”]+ Vp3 51{3@ + 053 —27”]+

+ Vbs sm(Sat + Dps —2%], (23)

. 2 . 2
v, =V, sm(at + @+ ?ﬂj +V.3 sm(3wt +¢.3 +?”J +

. 2
+ VCS sm(Sat + @5 +Tﬂ-)

Figure 11 describes the three phase distorted
voltages. From Fig. 11,a.1 and Fig. 11,a.2 it is clear that
the classical PLL exhibits poor capacities in extracting the
unit vectors containing the phase angle information.
Otherwise, the proposed PLL still present high capability
in giving an instantaneous unit vector even the presence
of harmonics in the three phase source voltages as
illustrated in Fig. 11,b.1 and Fig. 11,b.2.
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Experimental validation. The proposed method
performances are verified through simulation and
experiment validations using Dspace 1104 platform as
shown in Fig 12. Hardware parameters and control
parameters used in experimental test are summarized in
Table 1.

Fig. 12. Experimental platform

Table 1
Experimental parameters
VY Vdc Cdc 1/ KM VF
110V | 300V | 1100 pF | 4mH | 0.0001
Figure 13 presents the balanced three phase

voltages. In this case both classical PLL and the proposed
one success in extracting unitary signals that contains the
phase angle information as shown in Figs. 13,a.1, a.2 and
Figs. 13,b.1, b.2.
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Figure 14 shows unbalanced three phase voltages
expressed in taking-off the second phase. One can notice
that, the classical PLL fails in extracting unitary signals as
shown in Fig. 14,a.1 which leads to certain loss of phase
angle information as presented in Fig. 14,a.2. On the other
hand, the proposed MVF-PLL is motionless to this kind
of unbalance and gives acceptable unit vectors and phase
angle quality as shown in Fig. 14,b.1 and Fig. 14,b.2.

The last test is based on generating harmonics on the
three phase source voltage as it generated in the
simulation section. It is clear from Fig. 15 that the source
voltages contain a huge amount of harmonics which
weaken the classical PLL in extracting fundamental phase
angle as shown in Fig. 15,a.1 and Fig. 15,a.2. Where, the
MVEF-PLL preserves its capability in giving true
information in experiment tests as in simulation.

The aim of the second section of experimental study
is dedicated to examine the dynamic voltage restorer
under various conditions. Indeed, the first case is
expressed in introducing a voltage sag in one phase by
inserting a resistor in that phase in order to have the
desired sag from ¢ = 8:27 s to ¢t = 8:44 s as it is shown in
Fig. 16,a.1. The reference component required to
compensate that sag is presented in Fig. 16,a.2. It is clear
that, the DVR hits in rejecting the introduced voltage sag
perfectly as it is illustrated in Fig. 16,a.3.
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Fig. 16,b.1 presents a voltage sags of two phases in
three phase source voltages from 7 = 1:65 s to t = 2:15 s.
This case is considered as one of the most spread sags in
the grid networks. From Fig. 16,b.2, one can notice that,
the enhanced algorithm gives coherent reference voltages
to compensate that occurred on the grid and make it
balanced sinusoidal as shown in Fig. 16,b.3.
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To put the dynamic voltage restorer under more
sever conditions a three phase voltage sag is considered
from ¢ = 2:54 s to ¢ = 2:67 s in the third test as shown in
Fig. 16,c.1. The DVR stills generate the wanted voltages
as shown in Fig. 16,c.2, to compensate the occurred sag
on the grid and ensure the balanced three phase voltages
of the grid, Fig. 16,c.3.
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Fig. 16. Experimental results, DVR behavior under different conditions
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Conclusions.

Voltage sag is a crucial problem for industries,
indeed, it introduce malfunction for costumer’s
equipments. Researchers have investigated numerous
solutions to mitigate the harmful effect of voltage sag.
Dynamic voltage restorer is one of the most famous
solutions. In this paper, authors have introduced an
enhanced algorithm based on synchronous reference
frame to control a dynamic voltage restorer for voltage
sags rejection. The presented algorithm is based on a
Multi variable filter in order to synthesis unitary signals
containing fundamental phase angle information
involved in generating necessary voltages for
compensating the occurred sags. The considered
algorithm is tested under different conditions such as
single phase sag, two phase sag and three phase sag, on
the other hand, the Multi variable filter configuration is
examined under the most sever conditions such as a total
phase exclusion and in the case of a huge account of
harmonic presence, where elimination of harmonics is
not our case of study in this paper but to show the
effectiveness of the proposed algorithm in synthesizing
the unitary signals. The efficiency of the introduced
method is validated by simulation and experimental
results.
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TRACTION ELECTRIC DRIVE BASED ON FUEL CELL BATTERIES AND ON-BOARD
INERTIAL ENERGY STORAGE FOR MULTI UNIT TRAIN

The aim of the work is to study the possibility and features of the use of inertial storage devices in the traction electric drive of multi
unit train with a power plant based on fuel cells. Methodology. The principle of power flow control in traction electric drives in the
modes of acceleration and braking of rolling stock is proposed. The mathematical model of the traction electric drive in the form of
the combination of three components: the train, the traction unit and the battery of fuel cells is developed. It was used to study the
operation of a traction electric drive when solving a test traction task for rolling stock. Results. It is established that the use of
inertial energy storage reduces hydrogen consumption by at least 25 %, which increases the mileage of rolling stock between
equipment by more than 30 %. Originality. The traction electric drive on the basis of fuel elements and the inertial energy storage
for the multi unit train is offered. The work of the proposed traction electric drive in solving the test traction problem for rolling
stock is investigated. Practical significance. A mathematical model of the traction electric drive has been developed. The test
traction problem for rolling stock is solved. References 16, tables 4, figures 6.

Key words: traction electric drive, fuel cell, inertial storage, multi unit train.

B pobomi pozenanymo mseosuil en1ekmponpusoo Ha 0OCHOSI NATUSHUX eleMeHmie ma IHepYIiH020 HAKONUYysaua enepaii 05t MOmop-
6A20HHO20 PYXOMO20 CKIAOY. 3anponoHo8aHO NPUHYUN KepYBAHHS NOMOKAMU NOMYNUCHOCMI Y MA2060MY eleKmponpugooi y
PEdANCUMAX PO320HY MaA 2aNbMYBAHHS. PYXOMO20 cKkaady. Pospobneno mamemamuuny mooens msae08020 eneKmponpusood y eueisioi
CYKYRHOCI MPbOX CKIAO08UX: N0i30a, mA206020 OI0Ka i bamapel namusHux eremenmis. 3a 0onomocorw uei 00cnioxnceHo pobomy
3aNPONOHOBAHO20 MAL06020 eNEKMPONPUSOOY NpU SUPILEHH] Mecmo8oi ma2080i 3a0ayi 01a pyxomoeo ckiady. Becmanoseneno, wo
3aCMOCy8aHHA THEPYILIHO20 HAKONUYYBAYA eHepeii 3MeHUyE 8Umpamu 00HI0 He MeHwl Hidxc Ha 25 %, wo 3abe3neuye 30inbleHHA
npobizy pyxomozo cknady migxc exinipyeannsam nonao 30 %. bion. 16, Tabn. 4, puc. 6.

Kniouosi cnosa: TATOBUIA eJ1IeKTPONPHBO/, NAJMBHUI{ eJleMeHT, iHepUiliHMII HAKONIMYYBa4y, MOTOP-BAarOHHUIi pyXoMuii ckia.

B pabome paccmompenvl ma2o6biii 21eKmMpOnpusood Ha OCHOBe MONIUBHBIX INEMEHMO8 U UHEPYUOHHO2O HAKONUMEN dHepeul OJisl
MOMOP-8A20HHO20 NOOBUNHCHO20 cocmasa. [Ipednoscen npunyun ynpasienus NOMoKamu MOUHOCIU 6 MA2080M DNEKMPONPUBOOe 8
DeAHCUMAX PA32OHA U MOPMOdHCEHUSA NOOBUNCHO20 cocmasd. Paspabomana mamemamuueckas mooenb mazo06020 NEKMPONPUE00d 6
8UOE COBOKYNHOCMU MPeX COCMABIAIOWUX: Nnoe30d, mae08020 O1oka u bamapeu monaushvix dnemenmos. C nomowwio Hee
uccnedosana paboma npeoroHCeHHO20 MA208020 INEKMPONPUBOOA NPU peuleHuUu Mecmosol msa2oeoll 3a0ayu OJid NOOGUIHCHO20
cocmasa. Ycmanosneno, ymo npu npuMeHeHuu UHePYUOHHO20 HAKONUMENA IHePUU YMEHbUUAEMCA paAcxo0 6000p00a He MeHee YeM
na 25 %, umo obecneuugaem ysenuuenue npodeca NOOGUIICHO20 COCMABA MeducOy IKunuposkamu 6onee yem na 30 %. bubn. 16,
Tab. 4, puc. 6.
Knouesvie cnosa:
MOJABHKHOM COCTaB.

TATOBBII JJIeKTPONPUBOI, TONJIMBHBIH 3JIEMEHT, HHepHHOHHbIﬁ HaAKOIUTEIb, M0T0p-Bal"0HHl>Il7]

Introduction. Fuel cells as the basis for efficient
and environmentally friendly power supply systems are
currently of interest in terms of their use on rolling stock
by replacing conventional diesel trains on non-electrified
railway lines with multi unit «hydrogen» trains [1, 2]. To
date, several global manufacturers have created rolling
stock using fuel cells [3]. For the first time, fuel cells on
rolling stock were used on prototype trains by JR East
Company and the RTRI Research Center in Japan. In the
USA, fuel cells were installed on a BNSF shunting diesel
locomotive for research and trial operation. After
extensive testing of the «hydrogen» trains iLINT
(developed by Alstom) and Mireo Plus H (developed by
Siemens), these Companies have entered into contracts
for the commercial supply of fuel cell trains. Spanish
Companies CAF and Talgo are planning the
modernization and creation of multi unit trains using fuel
cells. However, the use of fuel cells on rolling stock has a
number of features due to the specificity of the traction
drive, which is characterized by a wide range of changes
in load and rotation speed.

Analysis of literature data and problem
definition. An integral part of a fuel cell power plant is an
energy storage device, the use of which increases the

efficiency of using fuel cells on a rolling stock. In existing
projects, only lithium-ion batteries are considered as
energy storage [3-5]. Inertial energy storage units remain
out of sight for such trains [S]. However, despite the
successes in the development of electrochemical storage
devices, we consider it expedient to study and investigate
all available technical solutions for energy storage
devices, the use of which contributes to an increase in the
energy and resource efficiency of rolling stock.

The analysis [6-9] showed that the specific weight
energy indicators of capacitor, electrochemical and
inertial storage devices have practically the same order
of 0.02-0.08 MJ/kg. As for the specific volumetric energy
indicators, here inertial ones are superior to other types
[6]: 25.7-151 MJ/m® for inertial ones and 0.6-17.3 MJ/m®
for other types. The same picture is observed with
weight, as well as volumetric specific power indicators:
1.29-2.5 kW/kg and 536-4273 kW/m® for inertial ones, as
well as 0.16-0.26 kW/kg and 54-173 kW/m® for other
types. Therefore, we can say that inertial energy storage
devices are significantly superior to capacitor and
electrochemical storage devices in terms of their specific
energy and power indicators. But, unlike electrochemical
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storage devices, which are widely used on various
vehicles and the features of their application in traction
electric drives have been studied quite well, the use of
inertial storage devices on vehicles is limited [9-13].

The goal of the work is a study of the possibility
and peculiarities of using inertial storage devices in the
traction electric drive of multi unit trains with a power
plant based on fuel cells.

To achieve this goal, two tasks were solved. The
first one is to create a general mathematical model of a
traction electric drive of the regional multi unit train with
an autonomous power source based on a battery of fuel
cells and an on-board inertial energy storage device,
which would link the main parameters of the power plant
components with the operating properties of this drive and
adequately reflect all modes of its operation. The second
one is to test the created model using the example of a

conceptual project of a regional train moving along a
specific non-electrified section of the railway.

1. Diagram of a traction electric drive and power
flows. Traction electric drive diagram shown in Fig. 1,
includes the following components: a source of electrical
energy, a storage device and an actuator. The source of
electrical energy is represented by a hydrogen storage
system (HFT), a fuel cell (FC) and a P_DC-DC converter.
The storage device is represented by an inertial energy
accumulator FESS and an S DC-DC converter. The
actuator (DM) consists of an induction traction motor
(IM), a gearbox (G) and a wheel-rail (W-R) mechanism.
The output of the P DC-DC converter and the input of the
autonomous voltage inverter (TI) are connected by a DC
bus, to which FESS, an auxiliary power system (AS), and
a braking resistor block (BR) are connected in parallel
through the corresponding semiconductor converters.

Storage DC-DC

GConverter
(S_DC-DC)
Flywheel = Brake
ES‘.“’S& Energy Storage[”] Resistor
Converter System _ (BR)
(P_DC-DC) (FESS) — T
Hydrogen
Fuel Fuel Induction Gear- |
Tank [== Cell | Gear
(HFT) (FC) 'V(IWM) @)
= =
- -~ Whec-l Rall r*r
DC 24V 'Il'raclriton
Auxili nverter
Sysiem | (1D
AC 400V 50Hz| (AS)

Fig. 1. Traction drive block diagram:
HFT — hydrogen storage system; FC — fuel cell battery; P DC-DC — DC voltage converter of the fuel cell battery; FESS — energy
storage; S DC-DC — storage DC converter; AS — auxiliary power supply system; BR — block of braking resistors; TI — autonomous
voltage inverter; IM — traction induction motor; G — gearbox; W-R — wheel-rail mechanism

The calculation diagrams of power flows between
the main nodes of the traction electric drive diagram for
various operating modes of the rolling stock were
determined by us, based on the following assumptions.

The nominal electric power of the fuel cell battery
Py is determined based on the requirement to ensure the
driving mode with the maximum permissible speed, as
well as the operation of auxiliary devices P,,. That is, the
condition must be met

Pp=P,+P,, (1)

where P, is the power supplied to the traction unit.

Here, the power consumed by auxiliary devices, in
any modes of movement of the rolling stock, is taken as a
constant value P, = const.

The value of the energy intensity and power of the
storage device are taken such that they are able to
provide, together with FC, the required modes of
acceleration and braking of the rolling stock. Therefore,
the braking resistor link BR can be excluded from
consideration.

Diagrams of power flows in the modes of braking
and acceleration of the rolling stock are shown in Fig. 2.
It is obvious that for the adopted scheme of the traction
electric drive, the power flows are determined by the
values of the currents in the corresponding branches. We
will consider the processes from the standpoint of the
storage device.

Braking mode.

The current I, consumed by the drive in this
operating mode, in accordance with the 1st Kirchhoff law

Tep =Tipy —Lgg +1ge. (2)
Current /;,, due to IM operation in generator mode:

— PWV \/g

ny =——U 1, in, cOSQ,, , 3)
Udc Ud m-m-liny m

c

1 inv
where 115 = 3ol 18 the total efficiency of the DM link
of the traction block; cosg,, is the power factor of the IM;
Ng» Hm»> Ninv are the efficiencies of the gearbox, IM and TI,
respectively.

Current consumed by auxiliary devices:

1y = Fyq / Uge - 4
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Fig. 2. Calculation diagram of the braking and acceleration modes:
1. — current of the FC; I, — current on the output of the P_DC-DC; I, — current supplied to the traction block; I, — auxiliary current;
1., — current on the input of the S DC-DC; I — current of the FESS; 7, — current of the TI; /,, — current of the IM;
Uk, Uge, Uy, U,, —FC, DC link, SEMEC and IM voltages, respectively; Ey. — electromotive force (EMF) of the FC;
Ry, — active resistance of the FC; P, — rim power; w,, J; — flywheel F speed and moment of inertia; v, train speed

FC current:
—Ifc s (5)

where 7. is the efficiency of the FC.

As a result, the power consumed by the storage
device is supplied to the storage electromechanical energy
conversion (SEMEC) system by current

NG

P Upn
Iep :U_Um[mninv COS Py, _Ui"'ﬂlfcﬂ (6)

dc dc Udc
Based on the power balance for the storage device
Uael enms de = Usly, (7

where 7 4. is the efficiency of the P_DC-DC, and the

current consumed by the SEMEC of the storage device is
15 _ Udclchﬂsidc ) (8)
U
As a result, we get the accumulation of energy by
the storage device in the process of braking of the rolling
stock in the form of an increase in the rotation frequency
of its flywheel

N

dog Ul
dt J 0y

where 7, is the efficiency of the FESS.

Acceleration mode.

Here IM consumes the electricity generated by the
FC minus the energy used for its own needs, as well as
the energy stored by the storage device.

In this mode, the current supplied by the storage
device, in accordance with the Ist Kirchhoff law, is
defined as

) ©)

Lep =Ty + g5 —1ge - (10)

The current consumed by the autonomous traction

inverter
P wr ‘/g

I = =
Udc UM Udc Miny

inv

U,lncosp,. (11)

Provided that the expressions for the current
consumed by the auxiliary devices and generated by the
FC remain the same — (4) and (5), respectively, the power
generated by the SEMEC of the storage device is supplied
to the DC link by current

P U
:iUmlm cos @, +i—ﬂlfC . (12)
U deMiny dc Ue
From the power balance for the SEMEC of the
storage device in this mode
Ugelen :Uslsnsidc (13)
we get the current supplied by the SEMEC of the storage
device, in the following form
U
Ij=—9% ],.
Us77s_dc

The mechanical power spent on the acceleration of
the train, taken from the flywheel of the storage device, is
fed through the SEMEC to the S DC-DC

do
N =J o 7;773 =Usl.

Ich

(14

15)

As a result, in the process of acceleration, we get a
decrease in the energy stored by the flywheel due to a
decrease in the frequency of its rotation.

dog,  Ugl
at  Jyom

(16)

Thus, from the above relationships, it is obvious that
with the required power on the wheel rims P,, and the
available power of the FC Py, the presence of an energy
storage device in the traction electric drive circuit allows
organizing power flows between its components in any
operating modes of the rolling stock (by analogy with
those discussed above, also in the driving modes with
constant speed, coasting and parking). The voltage
relationships at the inputs and outputs of the power parts
of the semiconductor converter circuits (P_DC-DC,
S DC-DC, TI), through which FC, FESS and DM are
connected to the DC link bus act as a regulator of these
flows.
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2. Traction drive mathematical model.

We represent the mathematical model of the
considered traction drive in the form of a combination of
three components: a train, a traction block, and a battery
of fuel cells.

Mathematical model of a train.

The traction or braking force of the rolling stock +F,
in the entire speed range is determined by the power on
the rim of the wheels P,,=+Fv,, which is due to the total
power of the traction motors on the axles of the wheelsets
equipped with motors.

If we assume that a train with mass m,, concentrated
at one point moves along a track of length s at time ¢ at
speed v,,, has acceleration dv,/dt, experiences force of
resistance to motion F,,, gravitational force from the slope
of the track F, as well as force of resistance from motion
in the curves F. and at the same time traction motors
provide the traction or braking force F, then the
relationship of the distance traveled by the train and the
speed with time, as well as with the forces acting on it, is
represented in the form of a system

dv,, *F,—F, +F,—F,
dt (1+&)m g 1)

ds

E—Vps.

where (1+¢) is the coefficient of the rotating mass of the
train.

The resistance to motion due to the rolling friction of
the wheels on the rails and the aerodynamics of the train
is determined using the Davis formula

(18)

where 4,,, B,,, C,, are the constant coefficients depending
on the configuration of the train.

These coefficients are due to the following: 4, —
rolling friction of wheels on rails and friction of axles of
wheel pairs; B,, — friction of the wheel flanges against the
side surfaces of the rail head; C,, — train aerodynamics.

The gravitational force from the slope is calculated
using the equality:

Fg = O,OOImPSgi 5

2
Frr :Arr+Brrvps+Crrvpsv

(19)

where g s the acceleration of gravity; i is the slope of the
track.

The drag force from movement in curves for trains
of the class under consideration is determined using the
expression

0,006867
———m

F.= R ps >

(20)
where R is the curve radius.

Thus, the presented model shows that for given track
parameters and restrictions on the speed of rolling stock
on its sections, the curves of movement are determined by
the power on the rim of the wheels P,,,. By varying P, by
changing its constituent components, it is possible to
regulate the required traction force and the speed of the
rolling stock.

Mathematical model of the traction block.

By the traction block we denote a part of the traction
electric drive circuit, including FESS and DM, which,
through the S DC-DC and TI converters, respectively, are
fed by the so-called traction current /,, which is formed
by the FC current /,, minus the current of auxiliary
consumers [,

Uglpny e
g Ucd
where 7, 4 is the efficiency of the P_DC-DC.

At this stage of research, this current will be
considered given and unchanged. This assumption implies
the exchange of energy only within the traction block, that
is, between the DM actuator and the FESS storage device,
and the operation of the P DC-DC converter in a static
mode with a specific conversion factor.

The central link of the traction block is an inertial
energy storage device. FESS is a combination of an
annular cylindrical flywheel (accumulator) and a SEMEC
electromechanical energy converter system in the form of
a inverted DC machine with excitation from permanent
magnets and a semiconductor switch [12, 13].

The SEMEC diagram is shown in Fig. 3. Here we
are dealing with a two-pole four-phase machine, each
phase of which contains one coil, displaced along the
circumference of the armature by an angle proportional to
7/ Ny, where Ny is the number of phases, and 7 is the pole
division.

_Iasa (21)

— o
— \S h—d
v A
7
ERuialy N
O)/aNtre:
NS A
yPAL | g
R 46,
3 e
4 3 2 1
i o i o i o e gl 1
(—. (_ - I.\' '

Fig. 3. System for electromechanical energy conversion of
storage device:

0 —load angle between the axis of the magnetic field of the
inductor P/ and the armature current PA; nl...n4, k1...k4 —
beginnings and ends of the winding coils, respectively;
1...4 — switches

Mathematical models of the operation of the traction
block in acceleration and braking modes are presented in
Table 1.

As follows from the formula for the EMF of the
drive of the SEMEC (Table 1), in the system under
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consideration it is possible to regulate the value of the
electromotive force in two channels — by the number of
phases of the armature winding and by the load angle,
changing the switching algorithm of semiconductor
switches. Thus, during the exchange of energy of the
storage device and the link of electromechanical energy
conversion, it is possible to influence both the power of
the process and its components within wide ranges.

The meaning of the symbols in expressions
presented in Table 1 is the following: 7, e;, Ly, Ry — the
efficiency, the EMF, the inductance and the active
resistance of the storage device armature winding,

respectively; 2p, wy, l,, a — the number of poles, the
number of turns per phase, the active length and the
number of parallel branches of the storage device SEMEC
armature winding, respectively; D, — the armature
diameter; B, — the average value of the magnetic flux
density in the gap; #um=HlmHim Ty 4cHs — the overall

efficiency of the transmission; f;, — the specific value of
resistance to movement; L 4, R, 4 — the inductance and
active resistance of the converter, respectively; Ko7, K.z
— the conversion factors in acceleration and braking
modes, respectively.

Table 1

Traction block mathematical model [14]

Acceleration mode

Braking mode

Storage device

power balance

do . do .
—JST:COSUS =Ugl I d_tsa)s = UglgT] g
Equilibrium equation for voltage on the SEMEC
dig . diy, .
uS:es—Lsd—;—lSRS uS:eS-i-Ls?;—HSRS
Power developed by the rolling stock
dv g ) dv F .
(mps g Eyy )Vps = UdclinyMinyTm’l g - (mps dt VV)VpSﬂi”Vnmng = Udcliny
EMF of the storage device SEMEC
e, =K, o,
2pwN (l,D
K, =N e g B
a
DC link current
Uy U
K. r=—%, K. p=—"2,
chT Us chB Udc
. . . Ifs de . . . . i K’hB
lipy =lep T1p = Kcle Ip liny =lech —lp = :75_de l

Mathematical model of the

energy conversion process

dvps _ Ninvm’l gUdc (i ns_dc/KChT + ip) )
dt M psV ps "
%: K oy _udc/KchT —is(Ry +Rs_dc) .
dt Ls +Ls dc ’
doy_ 1y
. Jyig

dvps __ Ude (is s de /KchB - ip) _ .
dt Miny m1 g psV ps "
% _ udc/KchB - Kea)s - is (Rs + Rsidc) .
dt Ls + Lsidc ,
do, _&Keis

dr J,

The relationship between the rotational speed of the storage device rotor and the speed of the rolling stock

2 2
3 M s (V7 ps(k+1) = V" psk)
Dy (k+1) = 1| Psk —
sﬂsum

J

2 2
mpsﬁsum(v psk =V ps(k+1))
J

N

Os(k+1) = \/ Wi +

It is important to note that the model includes two
adjustable components — the storage device SEMEC EMF
(K,) and the DC link current (K.;), the impact on which
provides a controlled power flow between the
components of the traction block circuit.

The control of the process of power exchange in the
modes of acceleration and braking of the rolling stock
is implemented in software in accordance with the
diagram shown in Fig. 4 (braking mode), based on logic
gates [14].
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The control block (CB) implements the following
functions:

Jen (Tset’vps) =Ko + (Kpsch /Tset )Vps >

Je(Tser Vps) = Keov]%s + (Kpse/Tset)vps :

In this case, the following conditions are met.

For braking mode:

1. If the inverter current i;,, € [imin; Imaxl»
Kch :ﬁ‘h(Tvet’ Vps), Ke :Jre( Tvet; Vps)-

2. If iinv>imax’ then Kch:Kch maxs Ke:Ke max-

3. If iinv<imin, then Kch :Kch mins Ke:ﬁz(Txet: Vps)/4.

For acceleration mode:

1. If the inverter current i, € [imin; Imaxl
Kch :ﬁh(Tsety Vps)s Ke :ﬁ( Tset) Vps)~

2.1f iinv>imaxa then Kch :Kch mins Ke:f;’(Tsetx Vps)/4'

3. If iinv<imim then Kch :Kch maxs Ke:Ke max-

then

then

e
Vo [
lp linv
% e
u, M T

T S DC-DC

KchT

Fig. 4. Control system

To assess the properties of the storage device
operation in the traction electric drive system, the
efficiency factor of the storage device was proposed [14]:
_wszdv)

2 2
m pg (VpsstB + VpsendT)
where v,.p is the rolling stock speed at the start of
braking; Vyenar is the rolling stock speed at the end of
acceleration; w,,,, is the storage device rotor rotation
frequency at the end of recuperation; w,y, is the rotation
frequency of «dead volumey.

Thus, a mathematical model of the traction block is
obtained, which connects the process of train movement
in modes of acceleration as well as regenerative braking,
with the parameters of an inertial energy storage device,
characteristics of a traction motor and converters of a
traction electric drive. The control system formed on the
basis of logical elements programmatically implements
power flows in the considered operating modes of the
rolling stock between the traction motors, the storage
device and the battery of fuel cells (currents iy, g iy,
respectively). A criterion for assessment of the efficiency
of using the technology under consideration is proposed.

Mathematical model of the fuel cell.

The mathematical model of the fuel cell (FC) is clear
from the diagram shown in Fig. 2. The main electrical
characteristics of the fuel cell are: EMF Eg, output

2
J s (wsend

Ko = ) (22)

voltage Uy, internal electrical resistance Ry, electrical
power Py, electrical efficiency #; [16, 17].

The power transmitted to the external load (useful
power) is equal to:

2
Pre=Upele =LreE e =1 jeRpe- (23)
Electrical power dissipated on the internal
resistance:
(Ep~Up)?
Pri =(Ef =U ) g :%:I}CR]@ (24)
fc

In the above interpretation of powers, the electrical
efficiency is will be equal to:
Pr  _Ur

Mg =—FH 5 =74

_ _ 2k (25)
Pfci + Pfc E/

(4

Information about the fuel cell and the clarity of its
perception is contained in its volt-current plot (VCP). It is
a graphical plot of fuel cell voltage versus load current. In
most cases, the VCP of solid oxide fuel cells is a straight
line. Strictly speaking, the initial and final sections of the
VCP have deviations from a straight line, respectively, up
and down (due to the electrochemical polarization of the
electrodes for the final section). In most cases, these
deviations are insignificant and practically do not go
beyond 10-15 % of the beginning and end of the VCP
curve section, and in some cases they are not observed at
all. The middle section of the VCP is more important.
Here, with some approximation, it can be assumed that
the point of intersection of the VCP line with the voltage
axis characterizes the EMF of the element, and the point
of intersection of the VCP with the current axis
characterizes the short circuit current of the element. The
VCP is well approximated by a first order polynomial

y=—kx+b,

26
UfC:_IfCRfC_'_Efcv ( )

where y and x are the coordinates of voltage and current; k
is the slope equal to tangent a — the angle of inclination of
the VCP line to the current axis; b is the value of the
segment that cuts off the VCP line on the voltage axis (in
our case, b is equal to £ of the element).

3. Conceptual design.

The task of developing a conceptual design is to
select the parameters of a traction block, an inertial
energy storage device and a fuel cell battery (in
conjunction with a hydrogen storage cell) by solving the
traction problem and analyzing the results obtained.
Converting units (P_DC-DC, S DC-DC, TI) will be
considered only from the standpoint of the possibility of
providing with their help the required energy flows
between the blocks under consideration. It is obvious that
their efficient operation will take place provided that the
nominal values of the power components of the devices
under consideration are as close as possible. With the
unconditional observance of the power balance and based
on the fact that the mentioned units of the traction drive in
the DC link are connected in parallel, we believe that the
voltage values of these units should be as close as
possible. Fulfillment of this condition, in our opinion,
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will become the basis for effective regulation of power
flows in various modes of operation of electric rolling
stock (ERS).

When choosing the parameters of the traction drive
units, we will proceed from the fact that the powers of the
fuel cell block and the energy storage device are
practically the same and the storage device operates only
during acceleration and braking of the train, and in the
mode of movement at a steady speed, the system is
supplied with energy only from the fuel cell battery.

For calculation we take: train length is 42 m,
composition — 2 cars, tare weight is 92 tons, car passenger
capacity — 280 people, car bodies rest on 3 bogies — two
end biaxial and one intermediate biaxial Jacobs bogie,
design speed is 124 km/h. Basic resistance to movement
is calculated by the formula F,,=1,5 +0,006vps+0,0067vp52.
The inner axles of the end bogies are equipped with
traction motors. The wheel-motor unit of each of these
axles contains a wheelset with a wheel diameter of
0.95 m, a two-stage gearbox with a gear ratio of 6.6 and
efficiency 0.97 as well as a six-pole induction traction
motor. The train has two identical traction drive systems
located in each carriage. Each includes a hydrogen
storage cell, a block of fuel cells, an inertial energy
storage, a traction motor and conversion units.

The characteristics of the motor and the parameters
of the drive are given in Table 2, 3, respectively.

Table 2
Traction motor characteristics
lf\m)\} l{;” IX’ cos ¢, | efficiency | S, % ﬁ’z rgljn
250 | 760 | 228 | 0,88 0,944 1,3 | 65 | 1283
Table 3
Storage device parameters
Parameter Value
Dimensions, mm: D x H 900 x 830
Energy of exchange, MJ 26
Power (maximum), MW 0,27
Voltage (maximum), V 1054
Nominal current, A 250

Flywheel

Material Carbon fiber + SmCo
Dimensions, mm: outer diameter x

inner diameter x height

700 x 440 x 580

Mass, kg 674
Moment of inertia, kg-m? 57
Rotation frequency, 1/s: max...min 1071...421
Armature
Number of poles 4
Pole division, mm 340
Number of phases 4
Conductor cross section, mm> 50
Inductor

Magnet dimensions, mm: length x

height x width 340 420 %15

Magnetic flux density in the active 0,22
zone, T
Gap, mm 3

The movement curves, power and energy
dependencies obtained for this train during its movement
along a horizontal track section 24.3 km long show that
the power of the power source in the form of fuel cells, as
well as an inertial storage device per one car, must be at
least 260 kW. The flywheel of each inertial energy
storage device must accumulate exchange energy of at
least 7.25 kWh during braking (the regenerative braking
energy is 14.49 kWh).

Calculation and study of the operation of the traction
block with the control system (Fig. 4) with the values of
the parameters of the control block given in Table 4
were carried out on the basis of a mathematical model
(Table 1). The fourth-order Runge-Kutta method was
chosen as a numerical method for solving a system of
differential equations. The calculation was carried out
for three acceleration values — 0.55 m/s’, 0.37 m/s® and
0.28 m/s”. The calculation results are shown in Fig. 5.

Table 4
Control block parameter values
Parameter| Value |Parameter| Value |Parameter| Value
K se,
KchO 0, 1 8271'111 773 Kchmin 07 1
[Z;;I}: 359 imins A 360 Kchmax 4
KeOJ .
SZ/m 0105 Imaxs A 440 Kemax 713
120 r 36
«r 1000 - e =30
= 800) N l/ 24 .75
= N P~ 8
_~~ 800 ' i8 =
" 40 ; M~ 2 .%
a" 20 M ~ 6
=<, 1500
-
Z \‘ - 411000
oy \Q L~ <
.. ER / Sﬁﬁ""‘
S |\ "\\ 1
< K ~0
e 30 50 50 120 130 180 210 240
|-
Fig. 5. Energy exchange process at acceleration
of 0.55 m/s?

The analysis of the calculation results showed that
the efficiency of using the energy storage at variable
accelerations in the range of 0.55-0.28 m/s” is 2837 %.
Thus, the use of the storage device makes it possible to
save about 40 % of energy in one cycle «braking-
acceleration».

For the train in question, the HyPM™HD30 fuel cell
blocks are most suitable. Block power is 31 kW, current is
0-500 A, voltage is 60—-120 V, maximum efficiency is 55
%, dimensions are 719x406x261 mm, mass is 72 kg. The
performance characteristics are shown in Fig. 6 [15].

9 such blocks, connected in series, on each carriage
will provide source power of 280 kW in the voltage
range of 540—-1080 V when the load changes from 0 to
500 A. Such a battery, located in a container measuring
2.2 x 1.5 x 0.4 m, will weigh 650 kg, and can be placed
on the roof of the car without any problems.
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The necessary demand for hydrogen when the
rolling stock is moving without a storage device in
acceleration and driving modes with constant power is
determined by the formula

My _ Ene~Eug , 7)
EHsp77E
where Ejyy. is the electrical energy of the fuel cell battery;
Ey, is the energy of recuperation during braking and its
subsequent use during acceleration; Eyy, is the specific
weight energy index of hydrogen fuel.

For our case, at Ep, = 396 MJ, Ey, = 63 MJ,
Eugp=120 MJ/kg and #z; = 0.55, the hydrogen
consumption per one transport cycle will be 3.9 kg when
operating without a storage device, and 3 kg with a
storage device.

With the capacity of the currently used tanks with a
pressure of 35 MPa and a mass of hydrogen of 5 kg [16],
6 such tanks with a mass of =700 kg and an occupied
volume of 2.86 m® will ensure the movement 188 km of
the train in question in the absence of a storage device
without refueling. If the drive is storage device, the
mileage will be 250 km without refueling.

Thus, the use of the storage device with its one-time
use in the simplest transport cycle without taking
into account the rational ratios of the parameters of the
control block gives a rather tangible effect — saving at
least 24.5 % of hydrogen.

Conclusions and
development.

The studies were carried out on the basis of a
mathematical model of a traction electric drive of a train
on fuel cells with an inertial energy storage, which is a set
of separate blocks of differential and algebraic equations
for a train and various blocks of a traction electric drive
circuit. This model should be considered as basic. To
study the behaviour of rolling stock in conditions close to
real ones, it is necessary, on the basis of the developed
mathematical models, to create a unified system of
differential equations, with the help of which to couple
the operation of all blocks of the traction electric drive
system, including the operation of converting units of
semiconductor devices, with the coordinates of the track
both in time and in space.

The solution of such a problem will undoubtedly
require the creation of a unified three-level intelligent
control system.

prospects for  further

The first level should determine the power required
by the train, control the speed of the vehicle and transfer
the required acceleration or deceleration to the second and
third levels.

The second level should control the distribution of
power and energy flows between various components of
the traction chain: a fuel cell battery, an energy storage
device and an actuator — a traction induction motor.

The third level should act on the controls of
individual components and adjust their state depending on
the power generated or consumed by these components.
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